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NOTICE

This report was prepared as an account of Government-sponsored work. Neither the
United States, nor the National Aeronautics and Space Administration (NASA) nor
any person acting on behalf of NASA:

a.

Mckes any warranty or representation expressed or implied with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not infringe
privately-owned rights; or

Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, me#hod or
process disclosed in this report. - )

As used above, "person acting on behalf o NASA“ includes any employee or con-
tractor of NASA, or employee of such contractor, to the extent that such employees
or contractor of NASA, or employee of such contractor prepares, disseminates, or
provides access to, any information pursuant to his employment or contract with
NASA, or his employment with such contractor.

" Requests for copies of this report should be referred to:

National Aeronautics and Space Administration
Office of Scientific and Technical information
Washington, D. C. 20546

Attention: AFSS-A
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SUMMARY

A study of bioelectrochemical methods of utilizing human wastes for life support
applications in space was conducted. Microbiological and enzymatic conversion of
urine and feces to electroactive substances was used as an approach to produce
electrical energy. Conversion of urea to ommonia and fecal polysaccharides to
hydrogen was Investigated, Bacilius pasteurii, selected on the basis of relative ureolytic

activity In urine, produced approximately 0.5 mg of ammonia per ml of culture per hour
during steady stote growth in continuous culture. Electrochemical performance was
poor however; ammonia apparently poisoned the platinized plotonium anode. Neither

- mixed- micreblel cultures nor pure cultures of Escherichlia coll grown in feces-yislded -
significant quantities of hydrogen. Hydrolysis of complex fecal components by enzymatic

pretrectment with cellulase and lipase wos also utilized.

Methods of localizing bocteria at electrodes to improve electrochemical per-
formance were investigated with some success in prelimincry experiments,

Studies waere initioted, but not completed, to determine the feasibility of electro-
chemically polsing the Eh of activated sludge for greater efficiency in conversion of
wastes to reusable chemicals,

It was generally concluded that the amount of power that could be derived from
human wastes by this approach was imsufficient to contribute significantly to the require-

ments of space vehicles.

vi



1. INTRODUCTION

The purpose of work undertaken during Contract NASw-623 was to find bio~
electrochemical methods for the utilization of human wastes (urine and feces) in space
vehicles. The principal function of this program was to obtain power from bicelectro~-
chemical cells using human wastes. A secondary function of this program was bio~
electrochemical conversion of the waste materials to chemicals that can be reused in the
maintenance of the space vehicle and its occupants.

This effort has been subdivided into three major tasks. The first consisted of a
literature search and preliminary selection of organisms and enzymes which are attractive
(a) for production of electrochemically active chemicals from human wastes and (b)

for conversion of waste materials. The experimental effort was divided into a biological

“fask and an electrochemical task. The biological task was concerned with screening and

characterization of microorganisms and enzymes with respect to the most effective con~
version of wastes to electroactive chemicals and to otherwise useful chemicals. The electro-
chemical task was concerned with the evaluation of biological electrodes with respect to
the effective utilization of the waste materials, primarily for the production of power. A
further function of the electrochemical task was to explore means whereby bioelectro~
chemical methods might contribute to the conversion of wastes to usable chemicals.

Other programs which relate directly to the present work are being undertaken
by Marquardt Corporation under Contract NASw-654 and Philco Corporation, Aeronutronic
Division, under Contract NASw-655. These progr'ams are concerned with development
ard fundomental research in biocelectrochemistry of human wastes, respectively. Magna
Corporation, under Contract DA 36-039 SC-90866, is presently performing research on
biochemical fuel cells. Further, Magna recently terminated a contract with the
Department of the Navy (NObs 84243) during which biochemically promoted power
sources were studied.

The authors wish to acknowledge the valuable technical contributions of C. Albright,
J. Cavallo, J. Dittman, M. Lechtman and Dr. R. lutwack. Drs. C. Golueke and

W. Oswald served as able consultants to the project.
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ABSTRACT

resulting from degradative microbial and enzymatic processes. Bacillus pasteurii wes

selected to produce ommonia from urinary urea and Escherichia coli and a mixed

sewage culture was selected to yield hydrogen from fecal polysaccharides. Cellulose
and lipase were considered for enzymatic pretreatment of feces to facilitate subsequent
microbial action.

Studies were performed under static and continuous flow conditions to evaluate

electrochemical performance of ammonia produced by B. pasteuril,



3. CONFERENCES

A conference attended by personnel of Magra Corporction and Marquardt Corpora-
tion was held at Marquardt on June 10, 1963. The purpose of this conference wos the
discussion of (1) the two organizations' current efforts in bicelectrochemisiry relating to
Contracts NASwW-623 and NASw~-654, (2) coordination of the two efforts to avoid possibilities
of duplication of effort, and (3) coordination of the two contractors' efforts in obtaining
consistent starting materials (human feces and urine),

It was concluded thot duplicotion of effort could most readity be avoided by
Magna's efforts being directed primarily to pure cuitures of microorganisms, or relatively
well defined mixrures of orgonisms, and isolated enzymes, and by Marquardt's efforts being
ditecred primarily to indigenous organisms of feces.

~ o Corterences were netd-or opproximorsty monvhiy “mvsrvals berwean Magna Corp.
and Marquardt Corp. personnel during most of the contract pariod. The purpoie of these
conferences was the coordination of efforts relating to Contiocts NASw~623 and NASw-634.
Duly July, 1963, personnel of Philco Corp., working on their Contract NASw~655, visited
Magna Corp. tacilities to discuss mutual probiems relating to thair respective contracts. During
the same month, Mogna Corp. personnel visited Philco tacilities for tha same purpose.

- A meeting waos held at Magna Corp. on August 2 1963 and ettanded by Dr.

M. G. Del Duco, Dr. E. Cokn, H, Schwartz and P. Poms:cntz, all of NASA, to discuss
technical status of Confract NASw-623. A similar meeiing was keld of Mugno Corp. on
September 12, 1963, attended by M. Unger and P. Pomserantz of NASA. Apn important
question discussed of these two meetings, but only partially resolved, was the emphosis
to be placed on work under the program on power generation vs. waste handling aspects.
Mr. Unger proposed o meeting of all concerned with the cortiact to be held later in the
year ot which, among other business, this question would be resolved.

A conference was held at Magno Corp. on December 4, 1963 and was attended by
Dr. E. Cohn and M. Unger of NASA, fo review the technical status of Contract NASw-623.
It was concluded that degradation of human feces and urine 1n biochemicai fuel cells do not
produce significant power or substantially reduce the power requiremeants of a waste manage-
ment system. Due to the short time remaining in the contract, it was decided to terminate
work oriented at deriving power from feces in favor of emphasizing utilizarion of urine for
bicelectrochemical conversion to chemicals useful in a waste management system, and the

simuitaneous production of power.



4.1 Introduction

A search of the literature pertinent to the microbiology and enzymology of human
feces and urine, and primarily directed to the utilization of these materials as electro-
chemical fuels In space vehicles, was the first step in the research progrcuﬁ. The
literature search is reported herein in its entirety.

Subsequent to searching the literature, an experimental program was formuloted
which was directed to qualification of optimum biological conditions and optimum electro-

chemical conditions for power generation based on the conversion of urine and feces to

known electrochemically active intermediates. The secondary problem, conversion of
wastes to chemieals which are reusable in a closed environment, was approached via '
application of electrochemical means to improve the efficiency of aerebic waste degrada-

tion.

4,2 thorqturor Seorch

It was found convenlent to subdivide the literature search into a number of
categories: (1) fecal components, (2) urine components, (3) biological waste treatment,
(4) microblal production of ammonic and hydrogen, and (5) enzymes. Preliminary
evaluation of the literature revealed thot very little information was avallable en
biological conversian of human feces or urine per se, but that the mest nearly related
data existed in the literature on sewage treatment. In the absence of specific informa-
tion on feces and urine, information was sought on components of these materials to
guide the search of the microbiological and enzymological literature. An early
decision was made to consider only those enzymes which would provide relatively

extensive breakdown of human wastes. Thus only hydrolytic enzymes were searched.



In the interest of optimizing power production from waste materials, the literature was
searched for information on microbial production of hydrogen and ammonia, considered
to be the most likely electro-active chemicals which could be obtained in significant

quantities from urine and feces,
4.2,1 Human Fecal Components

The average adult produces 80 to 150 grams of feces daily, which
contains a wide variety of organic and inorganic materials. Feces generally
contain 65 to 75% water; approximately 25 to 50% of the solids are composed

- of bacteria, both living and non-living. The major fecal flora of man (excluding
protozoa) is presented in Table 1, Other fecal components include mucous,
digestive fluids, undigested food, indole skatole, hydrogen suifide, methyl-
mercapton, mathane, hydrogen, corbon dioxide and ammonia.

The polysaccharide content consists largely of cellulose, vegetable
fibers ond pentosans. Low molecular weight saccharides are completely
digested and therefore do not appear in feces.

The protein content is primarily of bacterial origin with some
contribution from food residues, intestinal cells and free enzymes.

Lipids represent the largest single organic fraction, about 3% of
the total weight. The lipid content is composed largely of sterols with
individual fatty acids of palmitic, stearic, oleic, myristic, lauric, linoleic,
and isomers of oleic acid.

The caloric content of feces is low, ranging from 70 to 140 kile-
calorles per man-day. This is in contrast with a daily intake of 2,000 -
3,000 calories. 7

The most important components of feces are compiled in Table 2.
Note that only a small portion of the total constituents of feces have been
identified.




TABLE |
The Fecal Flora of Mon

Microorganism Reference '
Bacteroides melaninogenicus Zubrzycki and Spaulding (1)
Bacteroide sp. Smith and Crabb (2) .
Escherichia coli Zubrzycki and Spoulding (1)

Smith and Crabb (2)
Buthaux and Mosse! (3)

Aerobacter aerogenes Zubrzycki and Spaulding (1)
Buthoux and Mossel (3)
Lloctobacillussp. ~ Zubrzycki and Spaulding (1)
Smith and Crabb (2) _
Streptococcus sp. Zubrzycki and Spaulding (1)
Buthaux oand Mossel (3)
Streptococcus faecalis Smith and Crobb (2)
Streptococcus faecum Smith and Crabb (32)
Streptococcus liquefaciens Smith ond Crabb (2) ,
Diphtheroids Zubrzycki and Spaulding (1)
Clostridium sp. Zubrzycki and Spaulding (1)
Clostridium welchii Smith and Crabb (2)

Buthaux and Massel (3)
Collee, Knowlden and Hobbs (4)

Bacillus sp. Zubrzycki ond Spaulding (1)
Pseudomonas sp. Zubrzycki and Spaulding (1)
Pseudomonas fluorescens Brisou (5)

Proteus sp. Zubrzycki and Spaulding (1)
Staphylococcus sp. Zubrzycki and Spaulding (1)
Staphylococcus aureus Smith and Crabb (2)

Yeast sp. Zubrzycki and Spaulding (1)
Treponema dentium Rosebury (6)

Borrelia refringens Rosebury (8)




Component

Bulk

Water

Dry Matter
Fat
Protein
Nitrogen

Mono and oligosaccharides

_Polysaccharides

Minerals
Sodium
Potassium
Calcium
Magnesium
Chloride
Phosphorus
Sulfur

Trace Elements (7,8)
Strontium
Copper
iron
Lead
Lithium
Manganese
Nickel

Cobalt

Zinc

Arsenic
B Vitamins (9)

Bile pigments

TABLE 2

Proximate Composition of Feces (7)

Weight (g)
150
99
27
4.7
3.2
1.5

not generally found

‘varies widely with diet

2.1

0.12
0.47
0.64
0.20
0.09
0.51
0.13

0.590 mg
1.020 mg

28.800 mg
?

2,600 mg
3.430 mg
2.900 mg

1.400 mg

?
?
0.015

0.15

Percent of Total

66.0
17.8
3.0
2.1
1.0

1.4

0.01
0.1



4,2,2 Human Urine Components

Urine is better characterized than feces. Detailed lists of urinary
components have been reported,(10,11,12) but the major constituents in an average
24~hour output are water, 1200 g, urea, 22,0g, chloride (as sodium chloride),
12,0 g, sodium, 4.0 g, sulfur (as sulfur dioxidg, 2.5 g, amino acids, 2.5 g,
inorganic sulfates (as sulfur trioxide), 2.0 g, potassium, 2.0 g, hippuric acid,

1.5 g, and creatinine, |.5g.
42,3 Biological Waste Treatment

- The maintenance of a closed ecology requires the recovery of all
human wastes and the conversion of these materials to food, oxygen, and potable
water. The objective of waste-recovery processes, whether physical, chemical,
or biological, is to recover as much of the waste materials in a usable
form as possible. Ideally, the waste process should convert waste materials
into products which can be used in the food production system or recover the
wastes in a form which can be directly used by mon. Therefore, water and
some inorganic compounds may be recovered and returned directly to man,
Organic material may be converted to more oxidized compounds, such a H20,
CO,, NO?3 and used in the food production process.

Although biological processes are considered to be more bulky
and less relioble than most physical processes, they have the advantage of
maintaining the maximum amount of woste materlals In a blologlcally avallable
form. This would allow the reutilization of the by=products of waste conversion
processes directly by man or by any of the various related biological support
systems, such as photosynthetic gos exchangers, The extent to which conventional
microbiological woste treatment processes con be adapted to space copsule waste
handling cannot be fully ossessed without the benefit of further research. There
is little question, however, that the most logical approach to this problem
involves directly applying present waste-treatment technology cs the point of

departure for closed ecology studies.
8




ingram (i3) has adequately reviewed the microbiclogy and processes
involved in conventional waste treatment. Rather than needlessly duplicate
Ingrom's effort, our literature search will describe the salient points concerning
conventional waste treatment and concentrate more on the microbiology and
degradation of human waste as it pertains to our particular interests.

Biological processes for waste disposal convert the organic com-
ponents of the waste to cell moterials which are then partially oxidized by the
metabolic activities of the organisms. The products of this metabolic activity
are inorganic oxidation products and a mass of microorganisms which is conven-
tionally known aos sludge. There are two basic types of biological processes for
~waste disposal, one cerobic (activated sludge) and the other angerobic.

In general, there are two groups of bacteria involved in aerobic
waste disposal systems. The first group of bacterio utilizes the organic materials
in waste and the second group feeds upon their metabolic by-products. This
process requires good aeration of the waste and the formation of a floc which
results from the growth of zoogleal organisms (14). The organic materials adhere
to the surfaces of the floc, which results in rapid degradation. Examining the
microbiology of activated sludge, Butterfield (14) isoloted a zoogleal bacterium

and named it Zooglea ramigero. Buck and Keefer (I15) isolated a similor organism

from activated sludge and reported that it produced significont quontities of
ammonia from peptones. McKinney and Weichlein (16) isolated mony floc-
producing bacteria from activated sludge and concluded that more thon one
organism was involved in floc formation. They considered the organisms listed
in Table 3 to be the most significant in aerobic waste disposal. Russian workers
(17) concerned with biochemical purification of industrial and domestic effluents
have also studied the microbiological flora of activated sludge, and they have
reported the isolation of many organisms cited by McKinney and Weichlein (16).
Kaplovsky (17) hos differentiated the anerabic process into three

basic stages:




TABLE 3

Floc-Producing Bacteria Isolated from Activated Sludge

Zooglea ramigira

Escherichia coli

Escherichia freundii

Pseudomonas perluria

Pseudomonas ovalis

Alcaligenes faecalis

"~ Alcaligenes metfalcaligenes

Bacillus megaterium

Lactobacillus caseii

Neisseria catarrhalis

Aerobacter aerogenes

Flavobacterium solare

Flavobacterium breve

Micrococcus conglomeratos

Micrococcus varians

Achromobacter liquefaciens

10




1. intensive acid production

2, Intensive digestion or liquification

3. Intensive digestion and gasification

The major gases produced during gasification are methane and
carbon dioxide, with small amounts of hydrogen sulfide and hydrogen, Methane
is a relioble index of the efficiency of ancerobic digestion and up to 75%
of the total volume of gas may be methone. It has generally been observed that
obligate ancerobes do not form a major portion of the microorgonisms involved
in ancerobic sludge digestion but that facultative ancerobes predominate, The
microorganisms found in encerobic sludge are compiled in Table 4.

~ One of the problems associated with standard waste disposal systems
ii th; lc@e amount of solids remaining after digestion, A erobic processes
are generally more efficient in reducing solids than anaerobic digestion.
Leone (21) has reported on cerobic and subsequent anaercbic human waste treat-
ment processes designed for spoce systems and has found that the activated
sludge system stabilized in several hours with a 20% reduction in Initial
solids (3.7 g/l),  Subsequent processing in an ancerobic digestor reduced
total solids an additional 15%, but required a month to doso. Kountz and
Forney (22) cdvanced a theory concerning a two-phase activated sludge system
that would result in complete oxidation. Phase | would consist of the assimile-
tion of substrates and Phase |l Involved the erdogenous oxidation of metabolic
by-products. Their results showed thot norn-oxidizable sludge accumuloted ot
the rate of 0.6% of the total weight per day.

Garret (23) repoited on control of activated sludge growth by
reguloted overflow to a settling tank. The mathematics involved ore very
similar to that which apply to continuous culture of microerganisms, and he reported
a consistent growth rate of the tloc. The use of continuous culture for cerobic
waste disposal has been adapted to an algal growth unit by Golueke, Oswald and
McGanky (24), Their system used the activated sludge process to digest raw

sewage in order to provide the algae with inorganic nutrients such as ammonia

1




TABLE 4

Microorgonisms Isoloted from Anaerobic Sludge

Microorganism _

Bacillus subtilis

Bacillus endorhythmas

Escherichia coli

Aerobacter aerogenes

Methanob acterium formicicum

Methanobacterium omelianski

Methanobacterium suboxidans

Streptococcus diploides

Clostridium bifermentans

Cl. perfringens

Desulfovibrio desulfuricans

Reference

Ruckhoft, Kallas and Edwards (I8)
Buck, Keefer and Hatch (I9)
Ruckhoffe_tgl. (18)

_ Ruckhoft et al . (18)

Ingram (I3)

Ingram (13)

Ingram (i3)

Buck, Keefer and Hatch (I9)
Bergey's Manual (2)
Bergey's Manual (2)
Bergey's Manual (2)

12




and carbon dioxide, whiie the aigae produced oxygen for the growth of the
bacteria. They found that after the addition of waste to the culture, the
fecal odor disappeared in several hours and eventually was replaced by an
actinomyces odor - the odor of rich, damp soil.

The Boeing Company (25) is presently studying an activated
sludge process in which the wastes are concentrated several hundred times over
that of conventional sewage. The digestor volume has been reduced to 3.0 ft.3
with o 48 hour detention time, to stabilize the wastes of five men,

Ingram (13) developed a space-oriented human waste disposal
system based upon the activated sludge process, and found the process most
_efficient if the organismand concentration_of solids were similar to domestic
sewage. |n agreement with Moyer, (26) Ingram found the predominating gases
liberated to be carbon dioxide and small amounts of ammonia.

Relatively little work has been done with anaerobic digestion of
human wastes. Ingram (I13) found anaerobic digestion of human wastes difficult
to initiote, and poorly digested, extremely foul-smelling sludge resulted.

Pote (27), operating a thermophilic anaerobic digestor, reported
better success, but added kitchen scraps to human wastes. Volatile solids were
reduced from 67 to 49%. The gas produced was about 70% methane and 30%
carbon dioxide.

Attractive features of the aerobic process include (1) the rapidity
with which wostes are stabilized, (2) end-products which are generally non-
odorous and nen-toxic, and (3) almost complete degradation. The chief
disodvantages with respect to a closed ecology, are the large consumption of
oxygen and the production of carbon dioxide.

The chief advantage of an anaerobic process operating in a closed
system Is that oxygen is not required. Otherwise, this process is slower, is
less efficient in reducing solids and produces more obnoxious and toxic by-
products than an cerobic process, Also, most anaerobic digestors operate

optimally at 55 - 60°C,

13




4,24 Microbic! Producti

it was pointed out earlier that cerobic disposal systems usually
evolve carbon dioxide and ammonia while anaerobic systems evolve mainly
carbon dioxide and methane. It would appear that most of the hydrogen
produced is used by the microorganisms for reductive reactions. In an attempt
to determine the gases evolved from untreated raw human feces, Wheaton et al.
(28) placed fecal samples into tin cans fitted with pressure gauges and gos
sampling ports. Fecal samples produced from 3.5 to 6 ml of gas (at STP) per
g within 7 days, under air or argon., Gas chromatographic analyses showed that
the major constituents were methane, carbon dioxide and ammonia with very little
ﬂ khydrogen and hydrogen sulfide. fhﬁse au#hon clso repon‘od a particularly interest-
ing observation concerning two distinguishable types of fecal samples. The first
type produced carbon dioxide primarily, with o little hydrogen; the second group
produced carbon dioxide and methane.

Melpar, Inc. (29) hos evalucted o number of microorganisms for
their ability to evolve hydrogen. Their study has shown that of the following

bacteria: Escherichia coli, Aerobocter gerogenes, Aerobacter cloacae, Serratia

kiliensis, Pseudomoncs sp. 64A, E. coli produced the highest yield of hydrogen

when grown on glucose or moltose. Aerobacter cloacoe was next best when

grown on galactose, arsbinose or glucose, Aerobacter aerogenes produced o

good yield of hydrogen from frb‘ctou, glucose, maltose, or lactote, Pseudomonas
sp. 64A produced a fairly good yield when grown anaercbically on formate.

Later studies showed that Clostridium welchil 6785 produced hydrogen af the rote
of 8.2 liters per hour from glucose. (30) The production of hydrogen by

enterlc organisms grown on glucose Is of Interest because cellulose hydrolysls
results in glucese as the final product,

Gest (31) has reviewed various organisms capable of producing
hydrogen ond ammonla., Cl, butyllcum grown on pyruvate will evolve hydrogen

and the reaction Is opparently due to a phosphoroclastic split with the formation

4




of acetyl phosphate and formate. The forinatc is then snlit to produce carbon
dioxide and hydrogen. Cl. kluyverii produces hydrogen in the oxidation of

acetaldehyde to acetate. Clostridial reactions olso evolve ammonic; e.g.,

Cl. tetranomorphum attacks single amino acids, such as glutamate, with the

production of ammonia, carbon dioxide, hydrogen and volatile acids.

Cl. propionicum also attacks single amino acids, but produces carbon dioxide,

- ammonia and volatile acids, while hydrogen, though evolved, is used for the

reduction of oxidized intermediates. Cl. sporogenes utilizes the Stickland

reaction, in which one amino acid is oxidized and another is reduced, with the
production of two orgonic acids and two molecules of ammonia. Stickland (32)

reported that only specific compounds could act as hydrogen donors and os hydrogen

acceptors. The donors were D-alanine, D-valine, pyruvate, D-leucine,
L-phenylalanine, L-aspartate andD-glutamate. The acceptors were glycine,
proline, and hydroxyproline. Stickland found that the best combinations for

ammonia production by Cl. sporogenes were alanine and proline, valine and

hydroxyproline, and leucine and glycine. He also reported that Cl. sporogenes

would attack either serine or tyrosine alone, with the production of ammenia.
Nisman, Reynard and Cohen (33) studied the Stickland reaction

in @ number of bacteria, and showed that the following clostridia were physio-

logically similar to Cl. sporogenes: Cl. histolyticum, Cl. bifermentans,

Cl. butzricum, Cl. acetobutylicum, _g_l flabelliferum, Cl. saprotoxicum

and Cl. sordellin. They also found that the Stickland reaction did not occur

with the following clostridia and facultative anaerobes: Cl. iodophilum, Cl.

saccharobutyricum, Cl. welchii, Staphylococcus aureus, Proteus vulgaris,

Klebseilla pneumonice, and E. coli,

Gest (31) also reported that the methane bacteria produce hydrogen
during the formation of methane, but that the hydrogen is used to reduce carbon

dioxide., If, however, Methanobacterium formicicum or M. vannielii are

grown in an alkaline medium (above pH 8.6), carbon dioxide and hydrogen

are produced os the major gases.
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It was reported above that o number of bacterial species can
produce hydrogen from the degradation products of cellulose, but these orgonisms
generally cannot degrade cellulose itself. Khouvine (34) isolated an

anaerobic cellulolytic bacterium, Bacillus cellulosae dissolvens, from human

feces, herbivora, and soils. This organism produced hydrogen, carbon dioxide,
organic acids, and ethanol from celiulose. Cowles and Rettger (35) reported

the isolation of a cellulolytic anaerobe, Clostridium cellulosolvens, from horse

feces. This organism fermented cellulose and produced gos, 75% of which

was hydrogen, symbiotically with Aerobacter aerogenes, E. coli, or Proteus

vulgaris. These authors did not believe that Khouvine's culture was pure,

however. Nogliski et al. (36) reported that Clostridium roseum fermented

cryptostegia leaves rapidly with the production of o considerable amount of ges,
and point out the interesting fact that the orgenism did not dissolve filter poper
cellulose in tryptone broth. Hungote (37) reviewed anaerobic mesophilic
cellulolytic bacteria, and reported that although sewoge sludge contained several
species of cellulolytic bacteria, none were found in raw sludge. Fuller and
Norman (38) reported that various aerobic, mesophilic soil bacteria were capable

of hydrolyzing cellulose. They isolated and described Pseudomonas ephemerocyanea,

Ps. lasia, Ps. erythro, Achromobacter picrum, and Bacillus oporrhoeus, Fuller

and Norman (39) also performed various biochemical studies with the above

orgonisms and found that each organism would utilize xylans and various
hexosans. In o further study, Fuller and Norman (40) showed that lignin usually
inhibited the fermentation of xylons and hexosans by all of the bacterla.

A small group of urea hydrolyzing soil bacteria have been termed
"urea bacteria” by Alexander (41) because of their tolerance to high levels of

the compound, ond their nutritional requirement for it. Bocillus pasteuril

and Bacillus freudenreichii are representatives of spore formers in this group, ond

Micrococcus urece and Sarcina ureae are representatives of the coccus forms.

Wiley and Stokes (42) have reported that B. posteurii requires ammonia, formed
by hydrolysis of urea, not only for growth, but also for development of the
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ine pH necessary for growth. Gibbons and Doetsch (43) reported ihat
nearly all of the ureolytic bacteria are aerobic or facultative ancerobes,

and that very few obligately ancerobic bacteria possess this capability. They
reported, however, the isolation and characterization of an obligately an-
aerobic, ureolytic bacterium, which has been classified as Loctobacillus bifidis

var, ureolyticus.
Cooke and Keith (44) isolated Brevibacterium gmmoniagenes from

feces; this organism produced ammonia from urea both aerobically and onaero~

bically. Better growth occurred cerobically, however,

The literature was searched for information on those enzymes which
could be expected to have relatively broad activity toward urine and feces.
 The use, for the purposes of this program, of enzymes which can act only on
a minor component of human wastes would result in expenditure of considercble
effort with little to show for it in terms either of power production from the
wastes or degradation of the wastes. Accordingly, enzymes were considered
from the general point of view thot pretreatment of the wastes would facilitate
bacterial action, Thus the saccharolytic enzymes celivlase, pectinesterase
and polygalacturonase were considered, A proteinase, papain, was considered
to the exclusion of other, more specific proteinases, Urease was considered
because urea Is the most predominant single component of human wastes, Finally,
lipases were considered as a means of alding In degradation of fecal lipids,

4,2.5,) Cellulase

Cellulase (cell free) has been isolated from a large number of

plants and onimals. The list below contalns but a few representative samples;
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Molluscs
Helix pomatia (snail) (45)
Teredo (shipworm) (46)

Protozoa

Endoplodium neglectum (47)
Arthropods

Termes obesus (termite) (48)

Plants
malt (49)
algae sp. (50)
Fongt )
Myrothecium verrucaria (51)
Aspergillus niger (52)
Bacteria

Rumen microorganisms (53)

Pseudomonas fluorescens (54)

The lorgest body of work concerning the purification of cellulase
has been accomplished using the fungi as the source material. This is because
cellulase is an exoenzyme in most fungi and can be conveniently obtained
from the medium by removing the cells and residual cellulose substrate. The

fungus most commonly used is Myrothecium verrucaria. A procedure for

obtaining crystalline cellulase from the fungus Irpex lacteus has been reported
by Nisizawa. (55)
The obility of the enzyme cellulase to hydrolyze reprecipitated

cellulose, soluble derivatives, or highly crystalline native celluloses varies
widely between extracts from different sources. However, good evidence
has been accumulated (56,57,58,59,60) that, as the crystallinity of the

substrate decreases the rate of enzymatic hydrolysis increases.
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Most plant cellulases have an optimum pH in the region of 5.0,
animal celiulases in the range of 5.0 to 5.5, and bacterial celliulases between
5.8and 7.0. Optimal pH values vary widely for fungal cellulase over a
range from pH 3.0 to pH 8.0; however, most pH values are on the acid side,
between pH 4.0 and pH 7.0. (61)

There is very little information regarding the temperature optimum
of pure cellulase isolated from plant, animal and bacterial sources. In the case
of the fungal cellulases where the more definitive work has been done, it has
been shown (assay based on production of reduced sugar) that the maximum
temperature varies from 40 to 70°C. (62,63,64,65) The temperatures at which
" fhe fungal celiuiases start to be inactivated vary from 40°C to ashighas 70°C.

Below are a few examples.

Source Temp. Reference
Trichoderma koningi 70°C 66
Poria vaillonti &0-70°C 63
Aspergillus niger 70°C 67
M. verrucaria 50°C 62

Work with fungal cellulase indicates that the enzyme is generally
inhibited by mercury, silver, chromium, lead, and zinc salts, while manganese,
cobalt, magnesium, and calcium with phosphate cause stimulation in certain
cases. (61) The literature concerning the effect of certain oxidizing and reducing
agents on the enzyme are conflicting; however, permanganate and molybdate
have been found to be stimulating and bisulfite, dithionite and benzoquinone
are inhibitory. (68)

Basu and Whitaker (69) reported that fungal cellulase from M. verrucaria
was inhibited by iodoacetate and p-chloromecuribenzoate but that the inhibition
could be reversed by the addition of glutathione, crysteine, sodium sulfide or

potassium cyanide.
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Reese, et. _al., (70) using cellulose isolated from various micro-
organisms, found cellobiose to be generally inhibitory, There were two
exceptions, and in these cases the presence of the cellobiose appeared to be
stimulatory. These experiments were carried out at pH 5.0 using carboxymethyl
cellulose os a substrate and a 2% solution of celicbiose.

The oddition of certain proteins to preparations of cellulase
from M. verrucaria (71) were shown to stimulate the cellulolytic activity,

There are many methods for the assay of cellulase, but most are

based on one of the following procedures:

1. o Increase In reducing suger (colorimetric or velumetrle)r — -

!

2, Effect on viscosity of soluble cellulose derivatives.

3. Loss In welght of Insoluble substrates.

4, Oxygen uptake during the enzymatic oxidation of
glucose (glucose oxidase) produced by hydrolysls of the

cellulose,
5. Decreats in mechanical properties of fibers or flims.,
é. Changes in bi~refringence of films,
4,.2,5.2 Pectic Enzymes, Pectinesterase ond Polygalacturonase

Pectlic substance Is a group designation for colloidal polysaccharides
which contaln a large propoertion of D-galacturonic acid and methanol and
which are widely distributed In the plant kingdom, The pectin molecule has
an a=1,4~=glycosidic linkage between the pyrancse rings of the methy| ester
of the D-galacturonic monemer, The pyranose ring occurs mainly In the
chalr form, corresponding to the most stable configuration of D-galactose.
The enzymes Involved in the degradation of this pectic substance are
pectinesterases and polygalacturonase,
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Pectinesterase catalyzes the hydrolysis of the ester bonds of pectic
substances to yield the pectic or pectinic acids and methanol. (72) Poly-
galacturonase catalyzes the hydrolysis of glycosidic bonds between deesterified

galacturonide residues.

4.,2.5,2,1 Pectinesterase

Pectinesterase (PE) has been found to be widely distributed in
plants, molds, and bacteria. However, those sources most often used and
reportedly containing considerable quantities of PE are alfalfa (72), tomatoes

(73), citrus fruit (74), potato leaves. tobacce, elder (75), ond fungi(76). In

aimost all cases the PE is usuaily fixed or adsorbed to the solid portions of
the plant or fruit,

PE has been shown to be highly specific, saponifying only the
methyl ester of pectic substances (77). The PE from the skin of oranges hos
been reported to hydrolyze only the methy! ester groups adjacent to free
carboxy! groups, the hydrolysis proceeding linearly along the pectin molecule
as successive methoxy groups split off (78).

The tempercature stability of PE varies depending on the source
from which it was isolated. Fungal PE is 50% inactivated in 0.1 M NoCl ot
pH 6.0 for | hour at 35°C, whereas tomato PE at 70°C and under otherwise
similar conditions, was only 50% inactivated (76). Orange PE was 50%
inactivated at pH 7.5 in a borate-acetate extract in 30 minutes (79).

The pH optimum for plant PE lies in the range of pH 7 to 8 at
low salt concentrations. However, the fungal PE is markedly different in
this respect and has a pH optimum in the range of pH 4.6 to 5.5 (80).

PE is relatively inert to chemical inhibition by cyanide,
iodine, formaldehyde, etc. (76) Detergents and soaps are reported to be
very effective inhibitors of PE (76).
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Cations have been found to increase by many fold the activity
of PE in the pH range extending several pH units below neutrality. It has
also been shown that divalent cations are more effective than monovalent
cations. Because of this fact the explanation for the observed increase in
activity can not be based on ionic strength. Although some theories have
been advanced to explain this phenomena, none seem to completely fit all
the facts (76). |

The activity of PE is assayed by measuring the increase of
carboxyl groups at constant pH (Bl), the increase of methanol (73), or by

measuring the evolution of carbon dioxide from an NcHCO3 buffer using mano-

__metric methods (82). To insure reliable results from any of these methods the .

cation content of the system must be known, The enzyme activity is expressed
in millequivalents of bonds hydrolyzed per minute per millimole of enzyme
under established "standard” conditions. These "standard" conditions are, in
general, the optimum conditions (pH, temp., etc.) and, therefore, vary

slightly with the source of the enzyme,
4.2.5.2.2 Polygolacturonase

Polygalacturonase {PG) is most commonly found in the lower plants
such as bacteria and fungi, but seldom in higher plants. In animals it is found
only in the snails (80). Isolation of PG often involves separation from PE by
ion exchange treatment. Successful isolation of PG has been accomplished

from the following organisms:

Organism Method of Separation Reference

Aspergillus niger Partial inactivation; adsorption on
Fuller's earth, Chromatography on
A1203 and on filter paper. 83

Penicillium expansum Precipitation with alcohol 84

Rhizopus tritici
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Most of the work done using purified preparations of PG indicates
that PG is very specific (85). Although PG is regarded as a hydrolase, it
has not yet been clearly determined whether PG splits the glycosyl-oxygen
bond or the aglycone-oxygen bond. Since no transferase action has yet been
reported, it may be that a double displacement mechanism as proposed for
many carbohydrases is operative (77).

A classification of various PG's has been proposed based on their

mode of action. There are three classes (77) :

PG | Liquifying PG - splits the glycosidic linkages more or less
ot random, producing a rapid decrease in viscosity..
This type acts best on pectins of a low degree of

esterification.

PG Il Brings about the hydrol‘ysis of highly esterified pectins.
The commercial preparation "Hydrolase" appears to

be just such a PG.

PG lll Splits glycosidic linkages from one end of the pectin
molecule - probably from the reducing end.

It has been observed that alkali salts increase the activity of PG
as they do PE, however, there is not nearly the marked effect for PG. The

effect follows the series:
Li < Na < K < Rb < Cs (86)
In contrast to the effect observed with PE, MgH caused 48% inhibition of PG (87).

The pH optima for PG have been reported from 3 to 6. Although

the optimum may vary depending on the source of the enzyme, pH 4.0 is most
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generaiiy used (80). PG's from bacteria and phycomycetes have a pH optimum
near 7.0 (77). PG appears to be remarkably stable to acid; it is only 50 to
70% inactivated in 20 minutes at pH 0.6 ond 23°C. PG (from Aspergilius
niger) oppears to be rather thermostable (88, 89).

Assay procedure is based primarily on one of the following:

(a) Increase in reducing groups (%0).
(b) Decrease in viscosity (91).
(c) Decrease in precipitability by calcium or nonpolar solvents.

(d) Decrease in optical rotation.

The assay procedure most commonly used is that based on the
reducing group change. The results can be conveniently expressed in milli-
equivalents of bonds hydrolyzed or millimoles of reducing group per minute
under standard assay conditions. Standard conditions consist of pH 4,0, 25°C
and 0.5% pectic acid.

4.2.5.3 Lipase

The enzyme lipase catalyzes the hydrolysis of oil and fats, i.e.,
triglycerides of long-chain fatty acids and can be thus differentiate from
other esteroses which hydrolyze simple esters of low molecular weight acids.

Isolations of the enzyme lipase have been accomplished primarily
from the pancreas of various animals, i.e., hog (92,93), rats (94), ond
bovine pancreas (95). The isolation of |ipas§ has also been reported from
fungi (96), yeast (97), castor bean (98), and various bacteria (99,100).

Since it has been shown that lipase makes up 2.5% of the total
protein of swine pancreas this has remained the primary sourcefor this enzyme.
A recent procedure for the isolation of pancreatic lipase (hog) has been reported(10l).
This preparation was found to have maximum stability at pH 5.6, and was able
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to withstand storage in 5% NoCl at 5°C for 2-3 months without loss of
activity. There is some indirect evidence that calcium ion is necessary for
stability of the enzyme (102). Hg and other heavy metals and also halogen ions
(F > 1> Br > Cl) seem to inhibit the enzyme (103). However, it oppears that
-SH groups are not directly indispensable for the hydrolytic activity. Lipase
is inactivated by surface-active compounds (102).

Desnuelle (I0l) provides evidence that the lipase enzyme is more
active when the substrate is emulsified (rather than in solution) and that the
enzyme is active at the oil-water interface. He provides a series of curves
showing that the initial enzyme rate varies with the interfacial area, and also

. reports Michaelis curves using partially soluble substrates {triacetin, methyl

butyrate) which show a significant increase in lipase activity ofter the substrate
has reached saturation and is in the form of an emulsion.

There is good evidence (104) that lipolysis occurs in three well-
separated and consecutive steps and is due to the catalytic effect of one enzyme
(lipase). The requirement for calcium ion does not in any way alter the course
of the lipolysis but does promote the process by combining with the interfacial
soaps (105).

Desnuelle gives evidence that bile salts, such as taurocholate,
increases the initial rate of hydrolysis by a factor of four at 37°C. He eliminates
the possibility that the acceleration is due to an increase in interfacial area
by insuring that it is already large enough to give maximal reaction rate before
the addition of taurocholate. Since there are normally some bile salts present
in fecal material, one can anticipate some stimulation of the lipase activity
when feces serves as the substrate. According to Goldblith and Wick (7),
feces contains 0.15% bile pigments. Optimum pH is about pH 7.0 for lower
triglycerides; it is shifted to pH 8.8 for higher triglycerides (106). Pancreatic
lipase (although it varies with the state of purify of the enzyme, with buffers,
with method of assay, etc.) has an optimum temperature of about 37°C for most

substrates (107).
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Two methods have been used for assay. Continuous titration
of fatty acids released during hydrolysis is one of these (108). The other is
measurement of carbon dioxide released from sodium bicarbonate by the fatty
acids (109).

4.2.5.4  Papain

Popain was chosen over such proteolytic enzymes as pepsin,
chymotrypsin and trypsin for the following reasons: (1) the latter enzymes
are not os heat stable, (2) they are more sensitive to low concentrations of urea,
(3) their optimum pH values are at very acid levels (pH 2-3), (4) papain has
shown to produce more extensive degradation of protein substrates than other
proteases, and (5) crystalline papain is relatively easy to prepare and is
commercially available.

Isolation is from the dried latex of the papaya plant. The dried
extract is ground with sand in the presence of a dilute cysteine solution at
pH 5.7. Inert material is removed from the clarified extract after the solution
is brought to pH 9.0, The enzyme is precipitated first with ammonium sulfate
and subsequently with sodium chloride. Crystallization is achieved by
allowing a solution of the enzyme at pH 6.5 to remain at 4*C. Recrystallization
can be accomplished from sodium chloride solution er from 70% ethanol by
salting out with a lithium salt,

One of the most striking properties of papain is its rather high
temperature stability: half-life, 56 min, ot 75°C (110). Resistance to elevated
temperature is markedly pH-dependent, particularly below pH 4.0, where
papain is rapidly and irreveribly inactivated (ill).

In the presence of protein su&tmtu (os opposed to synthetic
peptides) papain was found to be fully active after exposure to M urea (101).
However, in the presence of synthetic substrates it was found that concentrations

about 3M urea effected irreversible inactivation of papain (112).
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The enzyme is sensitive fo suifhydryi ogenis such as iodoacetate,
hydrogen peroxide, heavy metals and p-mecuribenzoate; and is activated by
H25, HCN, and other reducing agents (113, 114).

The broad specificity of papain was shown by Calvery (115) who
studied the hydrolysis of crystalline egg albumin by crude papain and found
that ofter papain digestion, neither pepsin or trypsin could bring about further
hydrolysis. The pH optimum for protein digestion was in the range pH 7.0~
7.5 (116).

Papain may be conveniently assayed by measuring the rate of

hydrolysis of a synthetic substrate such as benzoyl-L-argininamide (BAA). The

Jassay is performed ot pH 5 fo 7 at 40°C in the presence of appropriate

activating agents (117),

Papain can also be assayed with ureo-denatured hemoglobin as
substrate (118,119). The reactions are performed at 39°C in the presence of
0.005 M cysteine and 0.001 M EDTA ot pH 7 to 8.5 Aliquots of the
reaction mixture are removed at appropriate intervals, treated with 5% tri-
chloroacetic acid, and filtered. The filtrates are examined in a spectro-
photometer at 280 my.

4.2.5.5 Urease

The presence of urease has been reported in numerous bacteria,
animals and some plants. However, the two richest sources and those most
frequently used for the isolotion of the enzyme are jock bean meal (116) and
the bacteria B. pasteurii (120). Jack bean contains 0.15% urease (on a dry
weight basis) and B. posteurii 1.0%. Isolation from jack bean meal is

fairly straightforward, an acetone extract giving impure crystalline material (121).

Isolation from B. pasteurii is much more complex, involving six steps, including

several sulfate froctionations, calcium phosphate gel treatment, ond an acetone

fractionation. Although the enzyme was not obtained in crystalline form,
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Larson and Kallio et al.(120) hove reported activities of 150 to 190 units/mg
compared to 130 unity/mg for Sumner's jack bean urease.

The presence of sulfhydryl groups in the urease molecule has
been omply confirmed (122,123). The work in the lost reference indicates
that there are 23 ~SH groups per mole. Due to the presence of the -SH
groups, urease is inhibited by typical ~SH recgents such as the metal ions
Ag+, HQ'H', CU_H, ferricyanide, p-mercuribenzoate, trivalent arsenicals,
and furacin. Sodium and potassium ions inhibit, and phosphate ions activate
urease (124).

Studies using tri-(hydroxymethyl)aminomethane sulfur (inert)
-.as o buffer (125) show o pH optimum of 8.0, Wall-and-Lsidler-{126)-indicate-- - -

that at urea concentrations above 0.3 M the activity actually decrecses. it

t

has been postulated (126) that at high concentrations, uree may occupy thot site
on the ureose surface normally occupied by water, and thereby inhibit the
enzyme.

Extensive studies to determine the heat of activation of urease
(127, 128) indicate that thermal deactivation of the enzyme is significant at
40 - 50°C and that only 10% of original activity of the enzyme (at pH 7.0)
remained after heating to 96°C for six minutes.

By comparison, the bacterial urease isolated by Larson and Kallio (i120)
was very sensitive. The reported that their purest preparations (190 units/mg)
were inoctivated very rapidly on standing (even during refrigeration), by
dialysis in the absence of reducing agents, by pH values lower than 5.2, and
by organic solvents,

The enzyme is absolutely specific for hydrolysis of urea (129,130).

A colorimetric assay using the Nessler reagent to determine the
ammonia formed from the hydrolysis of the urea is convenient and simple (116).

A titrimetric assay is reported (131) in which the ammonia formed
is titrated with 0.1 M HCI.



4.3

Power from Human Wastes

4.3.1 Theoretical Fuel Value

From the heats of combustion of the human wastes, urine ond
feces, a maximum value can be estimated for power that can be produced
using these as fuels. Obviously, various limitations apply; however, the
power is to be extracted, and the heats of combustion provide only a limiting
value. Heats of combustion are used because the most likely approach to pro-

ducing power from urine and feces electrochemically will be to employ oxygen

_as the oxideant,

4.3.1.1 Urine

The major organic constituent of urine is urea. While urea pro-
duction is dependent on a number of factors, the normal average quantity
produced per day by one man is 22 g. Higher than normal urea production is
encountered when high protein diets are consumed; up to twice the normal
urea output may be obtained under such conditions. Other significant organic
materials in urine, again based on an average man-day, are amino acids, 2.5 g,
creatinine, 1.5 g, and hippuric acid, 1.5 g. The following tabulation shows

the contribution of each of these components to the heat of combustion or urine:

Kcol Watt hours
Urea 58 68
Amino acids (taken as 1/2 alanine,
1/2 phenylcalanine) 14 16
Creatinine 7.5 8.7
Hippuric acid 8.5 9.9
Total 88 102.6



Note that more than half the heat of combustion derives from the single com-
ponent urea. Further, the relatively high figure quoted for amine acids is
very approximate and would come from many more individual compounds than
the two used for the estimate.

The heat of combustion of urine provides o guide to the maximum
energy that might be obtained from it. Further consideration must be given to
the processes for obtaining such energy and to the limitations which apply to
these processes.

Practical considerations indicate that a single process, in terms of
the controls thot must be applied, would be most desirable for conversion of the
.chemical energy of urine to electrical energy. . Becouse the components of
urine are not yet amenable to direct conversion in power-producing reactions,
at least two processes must be considered: o chemical conversion step to produce
an electrochemically active intermediate and the electrode reaction process. As
presently conceived, both these processes would be combined, That is, the
chemical transformation, effected through some form of biological catolysis,
would be carried out in the presence of an electrode.

One of the mat practical expedients is to concentrate on the most
abundant component of urine and to moximize the efficiency of converting the
chemical energy of that component to electrical energy. In urine, the moest
abundant component which can lead to an electrochemically active intermediate
is urea.

Earlier, the normal average output of 22 g urea per man-day wos
equated with approximately 68 watt hours based on heat of combustion data,

Let us consider (1) how this heat of combustion can be converted to electrical
power, and (2) how much of this energy might be practically obtained. Witheut
considering a mechanism for this conversion (mechanism will be treated subsequently),

urea may be hydrolyzed to ammonia and carbon dioxide:

HZNCONH + H,0 —» 2 NH3+ co

2 2 2
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employed at a fuel cell anode:

2 NH > N

+6H +6 e

3 2

Assuming oxygen as the fuel cell oxidant, the following cell reaction may be
taken as a model and used for estimating efficiency:

2 NH, + 3/ 0, —> N, + 3H,0,E° = 1.13 V

3 2 2

Assuming that essentially no losses occur in the conversion of urea to ammenia

and that conversion of ammonia Is not rate limiting, the theoretical energy

available from 22 g of urea is:

-%% mole x 6 SI2: 4 268 %%ﬁ'jf;x 113V = 66.6 watt hr.

A reasonable voltage efficiency for this cell appears to be 70%,
so that energy from urea in urine that may be available as electrical energy is
47 watt hours per man-day. Power available would be approximately 2 watts
per man,

Similar calculations for the minor organic compenents of urine
must consider the electrochemically active intermediate and the electrode
reaction that would be used, One approach is to assume o two-electron redex
reaction for each of the minor components; the other is to assume that oll the
nitrogen could be converted to ammonia. Again, without regard to mechanism,
estimates can be made of the energy of these compounds that might be converted
to electrical energy.

The following tobulation gives estimates of the electrical energy ond
power mode within the context of the foregoing assumption. A working cell
voltage of 0.79 volt has been assumed for all coses. This value is 70% of the
E° for the ammonic-oxygen reaction. |t can be seen then, that urea Is by for

the most promising fuel component of urine.
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Component 2-electron change Conversion to ammonia

Power, Energy, Power, Energy,
Watts/man-day Watt hrs/man-day  Watts/man-day Watt hr/man-day

Amino acids 0.04 0.91 0.06 1.4
(taken as 1/2
alanine, 1/2
phenylalanine)
Creatinine 0.02 0.55 0.1 2.5
Hippuric acid 0.015 0.36 0.02 0.53
TOTALS 0.075 1.82 0.18 4.4

4.3.1.2 Feces

There is very little specific information on the composition of
feces. Thus, an estimate of heat of combustion by summing heats of combusi-
ion of components Is not pessible. An estimate in the literature, however, is
that the caloric content of feces is 70-140 Kcal per man~-day; this corresponds
to 81.5 to 163 watt hours per man~day.

An analysis of feces as an electrochemical fuel is considerably
more difficult than for urine, primarily because information on the composition
of feces is limited. By applying certain assumptions, It Is possible to arrive at
useful numbers, however.

The first consideration must again be given to what electrochemically
active intermediates can be produced from feces, the components of feces them-
selves being inactive. There are a large variety of compounds present in
feces in only small quantities. The significant components of feces are the
nitrogen content, lipid content, and polysaccharide content. The nitrogen
content of dry feces hos been estimated at 6%. Lipids amount to 15-25% of
dry feces and polysaccharides to 15-30%. The polysaccharide content is perhaps
most subject to variation. These volues for the most part represent not only
discrete compounds and undigested residues, but also the live and dead bacterial

matter present in feces.
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4.4

Electrochemically active intermediates which might be produced
from these major components of feces are largely ommonia and hydrogen. A
limited basis exists for conversion of nitrogenous compounds to ammonia. Some-
what firmer grounds exist for hypothesizing hydrogen production from poly-
saccharides. No biological methods are known that could even remotely be
considered to convert the lipids to electrochemically active intermediates to any
significant degree, Because of the large number of compounds present, discrete
enzyme-catalyzed reactions have been rejected for their specificity.

For the purposes of discussion, the complete conversion of nitrogen

to ammonia can be assumed, although attainment of such complete conversion

_seems unlikely. Bosed on an averoge daily output of 150 g feces by an. individual

and an average solids content of 33%, average production of nitrogen is 3 g.
Using assumptions described ecc‘rl.ier for electrochemical utilization of ammonia, it
is estimated that energy might be produced from feces ot the rate of 14 watt hours
per man-day . |

On the basis that all the polysaccharide could be converted to
glucose, and from the best data for hydrogeﬁ production from glucose (2.3 moles
H2 per mole glucose), the maximum polysaccharide content of feces is equivalent
to 0.19 mole hydrogen per man-day. Using 0.8 volt as a working cell voltage
for a hydrogen-oxygen cell, this quantity of hydrogen represents 8.2 watt hours

per man—day,

Selection of Bacteria and Enzymes

Utilization of urine and feces as electrochemical fuels requires a mechanism

for conversion of the electrochemically inactive components of these wastes to

electrochemically active products, e.g., ammonia and hydrogen.

The simultaneous conversion of waste materials to reusable chemicals probably

will require a different line of attack since optimization for both electroche mical fuels

and waste disposal does not appear to be feasible. Optimum anaerobic digestion
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processes yield methane, hydrogen sulfide, pyrimidines and other toxic reduced organic
compounds which are not tolercble in o closed system. Apprecioble quontities of ammonia
ond hydrogen are not produced. Aerobic processes, on the other hand, yield carbon
dioxide, and only marginal amounts of cmmonia.

For ammonia production, the urea bacteria in general were selected for
screening. It was planned to narrow this selection in preliminary screening for growth
in urine and accompanying ureolytic activity. The organisms surveyed include

Sarcino ureae, Micrococcus urece, Lactobacillus bifidus var. ureolyticus, Brevibacterium

ammoniagenes, and Bacillus pasteurii. The prospect of converting fecal nitrogenous

compounds to ammonia is considerably less attractive and was not pursued in this study.

T "Fﬁf'ﬁfﬁfﬁ}fﬁﬁﬁ‘ﬁf' hydfﬁgéﬁ' from fecal soccharides,” ECES,E ‘and g 'ﬁé?’fﬁﬁg‘@ﬁf o

were selected; both are indigenous to feces. The prospect of using mixed sewage cultures
to produce hydrogen from feces held some promise and will be discussed in o later
section. ‘

As to enzymes, cellulase and lipose were selected for further study., Cellulase
is of interest because (1) bocterio hydrolyze cellulose slowly and (2) the glucose from
cellulose is o good source of hydrogen by way of bacterial fermentation. Lipase is
of interest primcr?lynbecause of the relatively high lipid content of feces. Becouse
proteolytic activity is common in bacteria, papain was rejected for further considerotion.
Urease wos rejected becouse ureo bacteria exhibit high ureolytic activity. The pectic
enzymes, pectinesterase ond polygalacturonase, would be of limited volue becouse of
the small quantity of pectins in wastes,

Proctical considerations lead also to the desirability of using urine and feces
in mixtures. To this end, studies were concerned, on the one hand, with the effect
of feces on bacterial production of ammonia from urine. On the other hand, admixture
of urine with feces is indicated for work on production of hydrogen from fecal
components, because feces, despite its high nitrogen content, is notoriously poor in

nitrogen compounds that can readily contribute to bacterial metabolism,




4.5  Screening Program - Ureolytic Organisms

Screening bacteria for growth and attendant ureolysis in urine was performed
to select the most favorable organism(s). Ureolysis was considered of greatest interest
under anaerobic conditions, because electrochemical utilization of the produced
ammonia would be expected to proceed most favorably in the absence of oxygen.
Further, it is desirable to minimize oxygen utilization in a closed ecology.

Sarcina ureae - This organism grew and produced ammonia in aerobic but

not in anaerobic cultures when Urea broth and urine were used as media. Con-
sequently, S. ureae was eliminated from further study.

Micrococcus ureae - The culture, received from o commercial culture collection,

was contaminated; however, since the literature ‘indicated that M. ureae, like

S. ureae, is essentially an cerobe, the organism was rejected on this basis.

Lactobacillus bifidus var. ureolyticus = Although the literature reports that

this organism anaerobically hydrolyzes urea to ammonia ( 43), our culture failed to
demonstrate ureolytic activity despite numerous subcultures in @ medium containing
urea. The investigator from whom the culture was obtained suspected that ureolytic
ability was unstable and prolonged stock (5 years) of the culture probably contributed
to the loss of this characteristic. No other source of this organism is known,

Bacillus pasteurii - This organism demonstrated aerobic and anaerobic ammonia

production in Urea broth and urine. Somewhat better growth occurred aerobically in
Urea broth while anaerobic growth was better in urine. After one day of
anaerobic growth, approximately 97% of the ureo present in urine was utilized.

Brevibacterium ammoniagenes - The bacterium grew readily ond produced

ammonia aerobically and anaercbically in both Urea broth and urine. Aerobic
ureolytic activity was rapid (24-48 hours) in Urea broth and in urine, but ammonia
was not evident before 5 days of anaerobic growth in urine. In the lotter case, 46%
of the urea present in the urine was utilized. The relatively slow ureolytic activity
under anaerobic conditions resulted in our dropping this organism from further con-

sideration.



The experimental screening program resulted in the selection of B, pasteurii
i
growth In urlne accompanied by efficient urea hydrolysis.

4.6 Optimlization of Ureolytic Activity

A serles of experiments were carried out In batch eulture, te establish
optimum ureelytic parameters fer grewth of 8. pasteuril in urine under ancerobic
conditions for applieation to subsequent continuous culture and electrochemical
studles.

4.6,) Analytical Methods

An experiment wes performed In which B. pasteurll was grown
In urine In Warburg vessels to determine the quantity of free gas evolved.
The over-all gos evolution was negligible, Indicating that the carbon dioxide
and ammonla produced from urea hydrolysls are effectively kept in solution as
ammonium carbonate; this permits the use of an analytical technique for
ammonium lon, The method selected was the colorimetric determination of
Gentzkow and Masen (132). Warburg manometry may be useful, however,
to measure dissolved carbon diexide by terminal acldification of the cultures,
The data Is presented In Table 5.

The colorimetric analysis of Ormsby (133 was selected for the
determination of urea In urine because of its relative simplicity and accuracy.

Since utllization of urea and production of ammonia were the
metabolic reactions of greatest Interest for subsequent electrochemical exper-
Iments, these were used as the prime Indlcations of growth, except In some
ecrly experiments performed prior to development of these analytical techniques.
In such coses, total cell number was measured to determine growth, either
alone, or In a few cases combined with urea determinatioms.



TABLE 5

Gas Production Demonstrated Manometrically by Cultures of 8. pasteurii

Initial Values Final Volues (4 days) _
Approx. Geos Produced
Urea Urea (ml of gas/10 ml of
Flask No. (mg/mi) pH (mg/mi) pH culture)
] 10.75 8.8 0.29 9.3 2.0
10.75 8.8 0.28 9.3 2,0
10.75 8.8 0.29 2.3 2.0
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The general procedure for examining growth of B. pasteurii in
static culture consisted of inoculating filter-sterilized (Seitz) urine with a 1%
inoculum grown in urine. Cultures were usually grown in 30~ml screw cop
tubes filled to capacity to exclude oxygen. Stock cultures were subcultured
routinely in urine. Urine was analyzed for urea and ammonia both prior to
inoculation and after growth which was generally 24 hours.

The incubation temperature was 30°C and the pH was usually ad-
justed to B.8 - 9.0 after inoculation.

Using these techniques, the growth of B. pasteurii in urine has
been shown to result in virtually 100% conversion of urea to ommonia. The
mele ratic of ammonic produced to urea utilized is approximately 1.8:1 ~ 1.95:1
demonstrating that only a small amount of ammonia is converted to cellular

nitrogenous material. Ureolysis is primarily an energy-yi elding reaction.
4.6.2 Storage of Urine

It was established early in the program that there was no difference
in anaerobic growth of B. pasteurii when either freshly collected, refrigerated
(several days) or frozen urine was used as the medium (Table 6).

In order to maintain large quantities of urine under constant
conditions for subsequent studies, urine collected from suitable donors was
pooled and frozen. Prior to each experiment, a portion of the urine was rapidly
thawed and sterilized by filtration.

4.6.3 pH
Bornside and Kallio (134) reported that the optimum pH for growth
of B. pasteurii in a medium containing urea was pH 8.8.  An experiment was

performed which demonstrated that an initial pH of 9.0 supported optimal

anaerobic growth in urine after 24 hours growth (Table 7). The pH of ammonium
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TABLE 6

Comparative Growth of B. pasteurii in Fresh, Refrigerated, and
Frozen Urine

History of Urine

Fresh ' Refrigerated Frozen

Average final cell counts

(cells/mi) 1.5x 10" 1.5x 10 1.0 x 107



TABLE 7

Effect of pH on Glfowfh] of B. pasteurii in Urine

initial pH 7.5 8.0 8.5 9.0 9.5
Days after
inoculation
| 7.3x10° 3.8x10° 2.7x10® 1.4xi0  3.8x10°
2 1.9 x107  3.2x107 2.4x100 2.3xi0’  2.4x10
3 1.3x10” 1.2x10” 2.1x107  1.4x107  1.exio’
Final pH 9.5 9.5 9.5 9.5 9.6

1 Average total cell counts on duplicate samples (cells/mi)
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carbonate, produced from urea hydrolysis, is approximately 9.2 - 9.5 and
solutions containing this material are strongly buffered in this pH range, At
48 and 72 hours, essentially no difference in growth wos evident between

cultures because the pH was identical.
4.6.4 Temperature

Temperature optimization studies with B, posteurii grown in urine
showed that urea utilization and ammonia production were inhibited at 25°C com~
pared to growth at 30°C and 35°C (Table 8). No significant difference in
total cell counts was observed between cuitures grown at the higher temperatures;

therefore, 30°C was selected as being more convenient for all studies.
4,.6,5 Vitamins

Wiley and Stokes ( 42) showed that most strains of B. pasteurii
require thiamine and certain amino acids for growth and that some strains also
need blotin and nicotinic acid. Their cultures were grown in a synthetic medium
to which vitamins were added selectively, Qur studies (Table 9) established
that growth was not enhanced by supplementing urine with these three vitamins,
elther alone or in combination, This would indicate that urine
contalins sufficlent amounts of these vitamins as might be expected, since

urine generally contains varieus amounts of all these vitamins,
4.6,6 Addition of Urea to Urine

An extensive study was made on the effect of adding extra urea
to urine as a preliminary step in the use of concentrated urine, It was
expected that this approaeh would enable work with smaller velumes of urine
and also result In reduced electrical resistance of urine, Normal urine,
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TABLE 8

Effect of Temperature on Growth of B.pasteurii in Urine

Days Ave. Urea3 Ave. NH Ave. Final cell Mole Ratio
After Utilized % Urea Produceﬂ3 Count Urea/ NH3

°C Inoculation mg/ml Utilized mg/mi cells/ml

25! ! 4.70 38.4 1,49 2.2x10  1:0.14

25! ] 3.30 26.9 1.91  3.6x10°  1:0.204

25° 2 10.59 86.4 5.57 - 1:1.86

252 2 10.15 84.5 5.04 - 11,76

30 ] 11.66 95.4 6.16 4.2x10°  1:.88

30' 1 .72 95.6 6.16 6.2x100  1:1.85

30° 2 12.01 98.0 5.83 - 1:1.72

30° 2 12.01 98.0 6.19 - i1.82

35! 1 .64 95.2 6.0  3.6x107  1:1.85

35! .72 95.6 6.20 5.2x100  1:1.86

35% 2 12.01 98.0 6.02 - 1:1.77

1 Experiment 1

2 Experiment 2

3 Initial urea - 12,25 mg/mi

42



(ru/3§1e0) g0y ajootjdnp woy KN 180 joycy 0 aBasaay |

S°6 Sé S6 €6 c'é ¢'6 c'6 c'6 He jouty
b4 . x - . » W 3 ] - » - ,
LOLXor pixez  o1xeth 0ix /) pix6'Z B Xe oIxe prxre z
x - x - - . . ! LIS - - :
OV Qv 0Exzz 01%9Th 01X 81 019l 01X g S xri L
BN}
120 sAoey
uyolg SpUCIPOIP BpuOjPOIp  UNOIg  uNolg  aplIopPoIp pioy (lohweo)  pappy ulwoRA,
¥ °PLOIP Ay supwonyl Ay anwoyj g py —Aij SUILOHY|  SIUNOOIN,  3uL) joULON
~upAy Suyus T POV P UHOIY  DIUNOOIN
o1y} ‘proy IIUHOOIN
duNOIN

sun) w Tunapod tg
10 WMEIO D SUWOIA PPPY JO a3 oL

é I8Vl

43



containing i.0% urea was suppiemented at various levels up to 3.9% urea,
Toble 10 shows that urea utilization and urea concentration varied inversely.
Urea utilization decreased from 96% to 58% over the range of urea concen-
tration examined. At urea concentrations higher thon 2.7%, ureo utiliza-
tion did not improve, while ammonia production did not increcse at urea
concentrations above 1,9%. Up to 1.9% urea, the mole rotio of ammonio
produced to urea utilized was opproximately |.9:l; this ratio decreased to
1.7:1 at the highest urea concentration used, The total number of cells was
approximately the same at all urea levels which emphasizes the need for urea and
ammonia analyses for o more accurate representotion of cultural performonce.
Based on the amount of ammonia produced, the dota indicote that
1.9% urea appears to be the optimum concentration, since no improvement occurs
at higher concentrations of urea, It is expected that by employing adaption pro~
cedures, B. pasteurll could be "trained" to tolerate higher levels of urea.

4.6,7 Addition of Feces to Urine

Although B, pasteurii grows fairly well in urine clone, it is likely
thot supplementing urine with those nutrients that are growth=limiting will
improve growth and probably the rote of uraolysis. Urine is composed largely
of Inorgonic compounds and contains only marginal quontities of organic carbo-
naceous material from which heterotrophic bacterla such as 8, pasteurii must
synthesize the bulk of thelir cell protoplasm. Urea supplies an energy and nitrogen
source, but not o source of carbon. A possible opproach to providing utilizable,

organic material Is the oddition of feces to urine.

Expariment 1

The study was initiated by grawing_g_- e

; ;';g’_u;idi in urine
with 4, 20 and 50% whale faces added. The highest urea



Effect of Urea Concentration on Growth of_B_. pasteurii in Urine

Ave. Urea

TABLE 10

Ave, NH

Utilized % Urea Producec? Ave. Final Mole Ratio
% Urea mg/ml Utilized mg/ml| Cell Count Uret.':/NH3
1.3 987 96.5 5.24  3.0x10” 1:1.87
1.0°  9.85 96.2 5.8  2.5x10° I:1.83
1.4 13.48 93.8 7.2 5.9xi0 i:1.89
1.4 13.40 93.4 7.1 5.8 x10 I:1.88
1.9  17.43 89.0 9.74 2.8 x100  1:1.69
1.9°  18.53 94.5 9.92  2.4x10° 1185
277 21.06 78.8 9.92  3.5x10° 1:1.66
2.7 213 79.7 10.76  2.4x10 1:1.79
31" 20.93 68.6 9.63 4.6x10 .62
3.1 21.68 69.0 10.43  5.7x 10’ 1:1.70
3.5 22.37 64.6 10.65 2.4x10 1:1.68
3.5%  21.00 60.9 9.74 1.5x10 1:1.70
3.92  22.65 57.7 10.63  1.8x10° 1171
3.92  22.75 58.0 N5 2.3x10° 111,73
1 Experiment |
2 Experiment 2

3 Normal urine
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utilization occurred in the culture with 4% feces,
approximately 95% of the urea being utilized (Table I1).

In the 20% and 50% feces cultures, 89 and 80% of the ureq,
respectively, was consumed. In urine alone, 98% of the
urea was consumed. Although not measured quantitatively,

the odor of ommonia was detected in all cultures.
Experiment 2

A second experiment was performed to provide dota on the
amounts of ammonia produced and urea utilized. B.
pasteurii was cultured in urine containing |, 5 and 10%
lyophilized feces. Approximately the same omount of
ammonia was produced in the | and 5% feces cultures as

in the control (urine alone) culture (Table 12). Somewhat
reduced ammonia production occurred in the 10% feces
culture. An elevation of the urea determinations for

this and the previous experiment indicated that feces
interfered with the analysis; therefore, the urea data must be
considered only approximate. No such interference was
evident for the ammonia anclysis. The results indicate

that the addition of feces to urine do not enhance ammonia
production; in fact, at the highest concentration examined,

inhibition was observed.

Experiment 3
The inability of feces to enhance growth of B. pasteurii
in urine might be attributed to toxic compounds present

in feces. In an attempt to overcome toxicity and/or

encourage expression of adaptive enzymes, B, pasteurii
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TABLE I

Effect of Feces on Growth of_§_. pasteurii_in Urine

~ Experiment 1
Ave, Initial Ave. Urea
Whole Feces Urea Utilized 9% Urea
by Weight (%) _mg/ml _mg/ml Utilized Final pH
4 8.0 7.59 95.0 9.2
4 8.0 7.61 95.2 9.2
20 7.5 6.52 88.0 9.1
20 7.5 6.70 89.5 9.1
50 7.0 5.62 80.3 8.8
50 7.0 5.62 80.3 9.0
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TABLE 12

Effect of Feces on Growth of B. pasteurii in Urine

Experiment 2
Lyophilized Ave. Initial Ave. Urea Ave,

Feces by Urea Utilized % Urea NH, Produced Mole Ratio
Weight (%) mg/ml mg/ml Utilized mg/ml Ureo/NH3
0 12.75 12,41 97.5 5.44 1:1.54
0 12,75 12.44 97.6 5.75 I:1.64
1 15.00 14.42 96.4 5.92 i:1.51
1 15.00 14.45 96.4 5.46 1:1.33

12.00 10.30 85.5 5.34 I:1.83
12.00 10.35 86.4 5.64 i:1.91
10 10.25 7.70 75.0 4.92 1:2.26
10 10.25 8.05 58.5 5.12 1:2.24



was subcultured 5 times in o medium consisting of 5%
lyophilized feces in urine. The previous experiment was
then repeated using this B. pasteurii culture as the
inoculum. The data, however, wos very similar to
earlier results (Table 13). No enhancement of ammonia
production was observed and inhibition occurred at the
highest concentration of feces in urine (10%).

It appears that unaltered feces does not contribute
beneficially to the nutrition of B. pasteurii growing in
urine. Chemicol or physical pretreatment may possibly
convert feces to a more suitable substrate but this remains

to be investigated.
4.6.8 Continuous Culture of B. pasteurii

The next major phase of the study was the growth of B. pasteurii in
continuous culture. To fully appreciate the value of continuous culture in the
study of microbial physiology, this technique must be compared with batch or
stationary culture techniques.

A normal microbial batch culture is a closed system. After an
initial period of adjustment, growth becomes steady and rapid for a period
which is referred to aos the exponential growth phase. During this phase all
the components of the microbial cell are, in mathematical terms, increcsed
by the same factor. This steady state of growth is temporary, however, and
ceases when nutrient concentration drops to limiting values or when metabolic
products reach toxic concentrations.

Practical means for the maintenance of steady state for periods
of long duration have been devised and numerous successful methods have been

described (135). Essentially they provide conditions for the continual supply
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TABLE 13
Effect of Feces on Growth of B. posteurii in Urine

Experiment 3

Ave, Urea Ave. NH

Lyophilized Feces Initial Urea  Utilized % Urea Produc:ad3 Mole Ratio
by Weight (%) mg/ml mg/ml Utilized mg/ml Urea/NH3

0 11.88 .51  97.0 5.75 1:1.76

0 11.88 11.48 97.2 5.39 1:1.65

1 10.75 10.31 96.0 5.35 1:1,82

1 10.75 10.35 96.5 5.20 1:1.77

5 12,25 11.65 95.2 5.19 1:1.57

5 12.25 11.62 95.0 5.54 1:1.68

10 10.88 8.63 79.5 5.25 1:2.14

10 10.88 8.60 79.0 5.20 1:2.14
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of fresh medium and the simuitaneous removal of an equal volume of growing
culture maintained at constant volume. The value of this technique is that
microbial growth now occurs under steady state conditions for prolonged
periods, i.e., growth takes place at o constant rate and in o stable, repro-
ducible environment. Such variable factors os nutrient concentration,
oxygen, pH, and metabolic products, which eventually change during the
growth cycle in batch culture, are all maintained constant in continuous
culture,

Early methods of extending the exponential phase of growth
depended upon growing microorganisms within dialysis bags or adding some
adsorbent to a culture for the adsorption of toxic metabolic products.

Further exploration eventually led to two divergent methods for
the control of continuous culture, One approach, exemplified by the Turbidostat
(136), is referred to as internal control and attains the steady state through
regulation of nutrient feed controlled by optically sensing turbidity of the
culture, Thus, the dilution rate varies with the population density of the culture
and fluctuates about @ mean, maintalining the density within @ norrow range.

It is obvious that this method cannot be used when growth produces a pre-
cipitate as Is the case of B, pasteuril cultured in urine, The second means
for obtaining steady state growth utilizes the principle that growth of an
organism Is Iimited by nutrient concentration below certain values. A comstont
feed of medium with one nutrient in limiting concentration with corstant
removal of culture at the same rate Is used to achlieve steady state. This con-
tinuous flow system permits the selection of a desired population dersity by
regulation of a limlting concentration of nutrient flowing into the microbial
culture and the selection of a desired growth rate by regulation of the flow
rate. This method Is referred to as external control; the Chemostat of Novick
(137) ond the Bactogen of Monad (138) are two examples of this type of
continuous culture apparatus,

In the chemostat the dilution rate is set at an arbitrary value and

the microbial population allowed to find its own level; by appropriate setting
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£ sthe dilut ssired value from

slightly below the maximum possible to nearly zero.

The cell population grows exponentially but the steady state is
maintained constant at a value somewhat less than the maximum growth rate
by virtue of employing a limiting concentration of nutrient. This, in effect,
constitutes a self-regulating system and allows selection of a desired growth
rate, A wide variety of substances can serve to limit or control growth. The
nutrients most commonly employed for limitation are (@) amino acids, (b)
energy sources, (c) nitrogen sources, (d) phosphate ion, and (e) sulfate ion.
The virtue of the chemostat is that growth can be studied at very low concen-
trations of nutrient and over o wide range of growth rates. |t is known that the
morphological and physiological properties of cells change simultoneously with
their growth rate, For example, it has been shown that Azotobacter vinelandii

metabolized glucose and utilized oxygen more efficiently with increasing growth
rates (139. Other studies have demonstrated that RNA content of bacteria
Increcses with growth rate while DNA content decreases with increasing growth
rate. In addition, fost-growing cells are larger and have a greater mean cell
mass than slow=-growing cells. These studies serve to illustrate the relationship
between growth rate and other properties of microorganisms such as chemical
composition, dimensions and physiological-biochemical properties,

Because externally controlled systems (chemostat) aliow variation
In the growth rate, growth rate in itseif becomes an important experimental
parameter. For example, It is possible to establish a quantitative as well as
a quallitative relationship between the composition of the culture medium and
growth rate by selecting the optimum composition for growth. This may be
accomplished by varying the concentration of individual components of the
medium and determining the effects on growth rate of the culture, In the
chemostat low concentrations of chemicals can be maintained constant even
though they might be utilized ot high rates. The same general method con be
adapted to rapidly determine the effect of bocteriostatic agents and anti-

metabolites on growth rate.
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Another appliication of the chemostar which takes odvantoge of
the fact that low concentrations of o chemical can be mointoined constant over
many generations, is the study of the kinetics of induction of on inducible
enzyme. The concentration of inducer is maintained ot o desired value and the
microorgonisms are removed pericdically and assayed for enzyme activity,

By this means it is possible to change the metabolic activity of the cell popula-
tion to the advantage of the particular process under study,

In conclusion, it con be seen that unlike conventional botch
culture, continuous culture by virtue of crecting o constont environment permits
the experimenter to establish rapid and precise relotionships between the environ
ment and the activities of the microbial pepulatien, These include the morphalogy,
chemical compesition, growth rate, ond physiclegicai-biochemical activities
of mlicroorganisms,

Since one of the major objectives of the ensuing continuous culture
studles was to establish base-line data with normal urine, the urine was not
modified or supplemented in any monner, The continuous cultures were chemo-
statically controlled by means of some undefined component ef the urine acting
as the growth=limiting nutrient. The limiting comporent was most likely

an organic carbon source.tince urlne contains mostly inorganic ions.

Experiment |

A preliminary experimant was petformed to learn major
operationol parameters ond te determine whether modificotions in
the design of the apporatus would be necestary, Urea utilization
and production of ammonia were used te gouge perfermance of the
culture, The cultura was sampled intermitiantly from the avedlow
tube, During the § day run, it wos cbserved that dacreasing the
flow rate from a maximum of 19 ml per hour to 13 ml per hour
resulted In increased efficiency in convenion of urea to ammenia
(Table I4), Ammenia production almast deubled during this
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TABLE 14

Growth ofi pasteurii in Continuous Culture

Experiment 1|
Ave, NH Ave.Urea
Age of Culture Flow Rate Prod uce@g Utilized ! % Urea  Mole Ratio
(hrs) mi/hr, mg/ml mg/ml Utilized Umcl/NH3
5 2,65 4.62 38.4 1:1.99
22 19.4 2.96 4.93 41,0 1:2.1
29 3,23 4,50 37.5 1:2.53
46 17 4,52 7.50 62.5 1:2.12
51 4.26 8.00 66.5 1:1.88
121 13 5.34 10.8 87.0 1:1.74
1 Initial urea of inoculum, 5.25 mg/ml
2 Initial NH:3 of inoculum, 2,77 mg/mi



period and urea utilization increased from 49% to 87%. The
mole ratio of urea utilized to ammonia produced stabilized at
approximately 1:2 during the 5 day run. The greatest difficulty
observed during this experiment was the formation of o heavy pre~
cipitate which depasited on the walls of the growth chamber and
plugged the orifice of the overflow tube.

Experiment 2

To overcome the problem of precipitate plugging the
orifice, the bore of the overflow tube was enlarged and a magnetically-
controlled polyurethane pad was placed inside the vessel so that the
precipitate could be scrubbed from the walls when necessary.

The continuous culture was operated for 19 days. Table
15 shows that maximum utilizotion of urea was 89.5%, which
occurred on the I9th day of operation, at a retention time of 10 hours
(Flow rate of 9.6 ml per hour). As in the previous experiment, the
mole ratio of urea utilized to ammonia produced stabilized at
approximately 1:2 during the latter portion of the run.

Two new problems were encountered during this experiment.
Urea utllization weas greater in samples collected from the overflow
than In samples token directly from the growth vessel which
demonstrated that a discontinuity existed between cultural conditions
In these two areas. Therefore, subsequent sampling was made
directly from the growth vessel,




TABLE 15

Growth of}_: pasteurii in Continuous Culture

Experiment 2

Age of Ave., NH Ave Urea

Culture Flow Rate Producedy Utilized! % Urea Mole Ratio

(days) mi/hr mg/ml mg/ml Utilized Urocl/NH3
3 12.3 4,67 8.78 é9.5 1:1.88
4 11.8 4.90 9.43 75.0 1:1.78
5 6.9 4,27 10,45 76,0 1:1.44
) 17.0 3.13 7.85 67.0 111,42
7 17.0 4,00 8.35 60.6 1:1,49
10 (overflow) 13.2 5.22 9.65 75.4 1:1.91
10 (growth vessel 13.2 4.44 8.23 é5.0 1:1,90
1 13.1 4,52 9.20 72,7 1:1.82
12 12.1 6.19 9.85 77.8 1:2.2
13 12.3 5.59 10,43 82.5 1:1.89
14 13.3 5.51 10.60 85.0 1:1.83
19 (overflow) 9.6 5.35 10.95 89.5 1:1,72
19 (growth vessel) 9.6 5.20 ?.80 79.3 1:1.89

1 Initial urea of Inoculum, 6.69 mg/ml

2 Initial NH3 of Inoculum, 3.17 mg/ml
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The flow rote of urine varied considerably due to the
inability of the Sigma pump to feed urine at a constant rate. Con-
sequently, the continuous culture did not reach a steady state for
any significant length of time. The Sigma pump was replaced with
a Harvard Infusion-Withdrawal pump designed to deliver low rates

of liquid with a high degree of accuracy.

Experiment 3

The next continuous culture was operated for 17 days. As
the flow rate decreased, the efficiency of urea utilization increased
until a steady state was maintained for a 4 day period between the
Hth and 15th day of operation (Table 16). 83-84% of the urea was
utilized at a retention time of approximately 12 hou s (flow rate of
8.3 ml per hour). The ammonia produced varied from 0.45 to 0.49
mg per ml of culture per hour. The stoichiometry of urea utilized
to ammonia produced was slightly over 1:2, except on the 15th day,
when the ratio jumped unexplainedly to 1:2.39.

The experiment was terminated when mold contamination

was observed in the feed tubing.

Experiment 4

The final continuous culture in this series was
operated for 15 days, 7 of which were af steady state, (Table i7).
During this period, approximately 80% of the urea was

utilized at a retention time which averoged 13.3 hours
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TABLE 16

Growth of B. pasteuril in Continuous Culture

Experiment 3
Ave. NH, Avo.. Ureg

Age of Culture Flow Rate  Produced) Utilized % Urea  Mole Ratio

(days) mi/hr mg/ml mg/ml Utilized Urnrr.w’Nl"l3
3 1.5 4.47 6.68 62.6  1:2.3%
4 1.5 4,58 7.20 67.6 112,24
7 10.6 5.13 8.65 81.2 112,09
8 10.0 5.85 8.67 81.5 1:2,38
9 10.0 4.97 7.63 7.5 1:2.28
10 | 8.3 5.12 8.53 80.0 1:2.12
L} 8.0 5.52 8.93 84.0 1:2.18
14 8.4 5.40 8.80 84.0 1:2.16
15 8.5 5.88 8.72 83.0 1:2.39
16 7.5 5.60 ?.10 86.5 1:2.16
17 55 5.53 8.54 82.7 1:2.07

I initial urea of inoculum, 5.55 mg/ml
2 Initlal NH, of Inoculum, 3.56 mg/ml
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TABLE 17

Growth of B. pasteurii in Continuous Culture

Experiment 4
Ave. NH3 Ave, Ur
Age of Culture Flow Rate Produced Utilized % Urea  Mole Ratio
(days) mi/hr mg/ml mg/ml Utilized Uret:i/NH3
] 6.00 4,38 6.40 6.8 1:2.41
4 6.25 4,65 6.49 70.8 1:2.53
5 7.20 4.91 8.60 75.8 [:2,02
6 7.80 5.22 8.98 78.4 1:2.18
7 7.25 5.60 9.08 80.0 1:2.18
8 7.15 5.38 9.30 80.9 1:2,04
12 7.80 4,76 9.40 80.0 I:1.78
13 7.25 5.32 8.60 78.2 1:2.18

I Initlal urea of inoculum, 0.6!3 mg/ml
2 |nitial NH'3 of inoculum, 5.95 mg/mi
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(flow rate of 7.5 ml per hour). The average concentration of
ammonia produced was approximately 0.41 mg per ml of culture per
hour. As in the previous run, the mole ratio of urea utilized to

ammonia produced was slightly over 1:2,

To summarize the results of the four continuous culture experiments,
steady state was maintained up to 7 days ot retention times which ronged from
12 to 13.3 hours. Efficiency of urea utilization ranged from 80 to 84% and
ammonia produced ranged from 0.41 to 0.49 mg per ml of culture per hour,

The solution was buffered at a pH of 9.2 os a result of the formation of ammonia
carbonate,

It is not surprising thot values approoching 100% efficiency of urea
utilization were not cttained because, os discussed earlier, chemostatically
controlled continuous cultures do not achieve moximum rates of growth, Their
rates of growth are controlled by controlling the level of o growth-limiting
nutrient. Complete conversion of urea, however, may be accomplished by
recycling the effiuent back to the culture or by operating a multi-stage continuous
culture. The multi-stoge system involves a chain of cultures in which the

effluent of each feeds the next; culture medium is fed to the first stage only.
4.,6.9 Addition of EDTA to Urine

The formation of the heavy precipitate in urine caused considerable
difficulty in the operation of continuous culture as discussed earlier. IR
spectrophotometric analysis showed that the insoluble salts were a mixture of
calcium phosphate, and calcium and/or magnesium corbonate.

Several experiments were performed in stationary culture to determine
whether the addition of EDTA to urine would chelate calcium and magnesium ions
and thereby prevent or reduce the formation of insoluble salts at alkaline pH

values
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Experiment 1

The first experiment was concerned with esta
effective concentration of EDTA. As a preliminary to the growth
study, it wos found that the addition of a minimum of 0.15% EDTA
was required to prevent precipitation in sterile urine when the pH
was increased to 9.2 with NaOH. A subsequent growth study
(Table 18) showed that the addition of this concentration of EDTA
reduced but did not entirely prevent precipitation. EDTA wos
responsible for an extended lag in growth (4 days), but the final rate
of ammonia production was not significantly different than in the
control cultures lacking EDTA.

Experiment 2

In the next experiment, the concentration of EDTA was increased
to 0,2%, since 0.15% wos only partially effective. The con-
centration of the B. pasteurli inoculum was examined at 1%, 5%,
and 10%, to determine whether a lorger inoculum would overcome
the log period and consequently result in more rapid growth. Table
19 shows that although no precipitation occurred, a 4-day lag
period resulted even with the 10% inoculum. Further, a 5%
inoculum was the minimum concentration required to produce
ommonia in amounts that compared favorably to the control cultures
lacking EDTA.,

In view of the toxicity exhibited by EDTA and the high con-
centrations required to prevent precipitation, it does not appear
that this approach is practical. Even if the tocivity could be over-

come by adaption techniques or other means, the large weight
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TABLE I8

Growth of B. pasteurii in Urine Supplemented with EDTA

Experiment |
Ave, NH, Produced
Tube No. mgdml Tutbldty _Final pH
1. Control (normal urine) 5.52 + 9.4
2. Control (normal urine) 6.4 4 9.4
3. 0.lg EDTA/I00MI 5.72 +3 9.4
4. 0.lg EDTA/I00 ml 5.92 +3 9.4
3. 0.15g EDTA/IO0 mi 5.76 +2 9.4
6. 0.15g EDTA/I00 mi 5.86 +2 7.4
TABLE 19
Growth of B. pasteurl! In Urine Suppmanted with EDTA
Experiment 2
Ave, NHS Produced mg/ml
_Tube No. Control {normal urine) EDTA (2,0 /1) % Tnoculum

] 6.02 1.85 1

2 6.45 1.8% ’ 1

3 5.82 5.30 5

4 5.87 5.40 5

5 5.44 5.50 10

6 5.44 5.30 10
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4.7

penalty imposed by the requirement for 2g of EDTA per liter of

urine would be prohibitive in a closed ecological system,

Feces Studies

4.7.1 Production of Hydrogen from Feces

There are two divergent microbiologitval approaches that moy be
considered in an attempt to produce hydrogen from feces. The first employs @
pure culture of a microbial species, such as E. coli, known to metabolize certoin
carbohydrates to yisld hydrogen.

The second approach consists of using entichment procedures with a
mixed sewage culture and/or indigenous fecal microflora. The object, in this
cose, is to provide a selective environment which favors the development and
ultimate dominance of hydrogen-producing organisms.

Hydrolytic enzymes such os cellulase ond lipase may contribute to
bacterlal action by degrading complex organic matariais to simpler compounds,
partieularly if the use of pure cultures is plonned. The enzymes would be
empleyed to pretreat feces for subsequent bacterial metabolism rather than used
simultaneously with bacterla.  An evaluation of the organic substrotes found In
foces suggests that the use of enrichment techniques may be a more promising
first approach than pure cultures becouse feces contalns virtually ne low
molecular welght carbohydrates, A mixed culture offers the advantage of
nutritive beneflcial asmsociations In which the more complex cathohydrote
polymers common to feces are degroded In a stap-wlse foshion to simpler, more

nutrifonally avalloble compounds for hydrogen-producing erganisms,
Experiment |

An attempt wos made to produce hydrogen from feces by

employing o sewage culture as the inoculum and providing conditions
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favorable to hydrogen-producing bocteria. An inoculum consisting
of treated sewage from o primery sewage plont was inoculoted into
a medium containing sterile lyophilized feces and urine. Urine was
used in the medium to provide a nitrogen source (largely urea) since
feces are poor in assimilable nitrogen. To encourage enrichment of
hydrogen~producing organisms and Inhibit the methane bacteria which
normally dominate ceroblic sewage fermentations, the pH of the culture
wos buffered at 5.5, The cultures were grewn under anaeroblc
conditions In 3-1lter macrorespirometers te meaiure gas formation,
Controls consisting of the sewage Inoculum witheut added feces or
urine were required to distinguish betwean fermentation of feeal
organie material and resldual arganie material present in the Inoculum,
The fermentation of feces was partly successful in that
moderate digestion of sollds and considerable gas fermation eccurred,
demonstrating thot the Inoculum was aciive (Table 20), Hewever,
glthough no methane was evolved, only trace ameunts of hydrogen were
detected, suggesting thar either feces was deficient as a substrate for

hydrogen evelution or thot the inoculum was not suitable for this

purpose,
Experiment 2

Another experiment was performed in a similar monner
- except that a feces-adapted ancerobic mixed culture was substituted
for the primary sewage culture. Annnavation in this study consisted
of adding glucose to one set of cultures to determine whether
hydrogen=producing organisms were present in the ineculum, Table 21
shows that significant hydrogen production eceurred only in the
glucose-contalning cultures os contrated te trace amounts of hydrogen
produced in the cultures lacking glucose. This demonstrates that



TABLE 20

Anaerobic Fermentation of Feces-Urine Mec:iiuml

2 3 4
Control Control
feces/urine (no feces/urine)(no feces/urine)
90.5 0 0
257.0 0 0
355.0 0 0
374.0 0 0
5.8 6.2 6.2
49.07 4.01 4.01
32.99 3.98 4,06
32.70 0.75 1.20
42.20 2,72 2,12
24,51 1,54 1.56
42,00 27 .40 26.40

Experiment |
Digestor No. - 1
(ml gos evolution
at STP, days) feces/urine
1 83.0
4 291.0
5 291.0
6 326.0
Final pH 3.9
Total solids g/1
Initial 49.07
Final 34.46
% Reduction 29.90
Volatile solids g/l
Initial 42.20
Final 26.87
% Reduction 36.40

| Primary sewage used as inoculum




TABLE 2i

Ancerobic Fermentation of Feces-Urine Medium
Experiments 2 and 3

Glucose Gas Produced Hydrogen CH, Final
Digestor No. Added {ml) Produced Produced pH
Feces-adapted
anaerobic Inoculum
(Exper. 2)
yos 96 yes no 6.1
yes 220 yes no 6.1
no é trace yes 6.0
E. coli inoculum
(Exper. 3)
1 yos 6 yes 7.4
2 yes 298 yes 6.5
3 no -2 no 4.3
4 no - no 7.1

Probable blockage in tube connecting flask with manometer

2 Accidental contamination of culture with acidified water




4,7.2

although hydrogen-producing organisms were present, unaltered feces
did not serve as a suitable substrate under the cultural conditions
used in this experiment. Since the hydrogen yield was not quantitated,
there remains the possibility that glucose encouraged the development
of a microflora that fermented fecal polysaccharides to hydrogen, as
well.

Buffering ot acid values was adequate to suppress methane
formation in the cultures containing glucose but a small amount of

methane was detected in the culture lacking glucose.
Experiment 3

To complete this series of studies, the previous experiment
was repeated, using a pure culture of a known hydrogen-producer,
E. coli, as the inoculum. Again, significant amounts of hydrogen
were produced only in cultures supplemented with glucose (Table 21).

These three experiments illustrate the need for biological
or chemical pretreatment of feces to break down complex organic
polymers to simple, fermentable substrates, For example, cellulose

may be hydrolyzed to glucose by the enzyme cellulase.
Enzymatic Hydrolysis of Fecal Components

Both cellulase and lipose were examined os potentially useful for

pretreatment of feces. The objective was to facilitate action of selected

bacteria on feces through breakdown of complex fecal components. The enzyme

program was considerably abreviated to comply with the December, 1963 decision

(see Conferences), to terminate studies on feces os o fuel,
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4..7.2.1 Cellulase

The initial step in the study was to develop o colorimetric assay for
cellulase and obtain a sotisfactory calibration curve. The assay developed by
Sumner (140) is based on the reduction of 3,5-dinitresalicylic acid by the
"reducing sugars" released during the hydrolysis of cellulose. The resultant
reduction product imparts a characteristic brown color to the solution,

Evaluation of commercially available cellulase showed that reducing
sugars present in the preparation interfered with the colorimetric assay procedure
for cellulose activity. The assay is dependent on production of reducing
sugars from cellulose. Dialysis of the crude enzyme aliowad removal of impurities
to the extent that they could no longer be detected.

The influence of temperature on cellulase octivity was studied at
30, 40, and 50°C. Representative data are shown in Figure |. Over 3 hours
of a 5~hour observation period, essentially no differences could be observed ot
the three temperatures; all dota were within approximately 5%. During the last
2 hours, the 30°C run lagged the 40 and 50°C runs by approximately 10%. A
sharp decrease In activity was seen during the first hour's observation. This
breok Is believed due to accumulation of products such as cellobiose and
glucose. Such inhibition can be overcome by retaining the reactive system
(enzyme with cellulosic material) in a dialysis membrane through which low molecular
welght products could diffuse readily.

Use of cellulase with feces is complicated by the brewn color of
faces Interfaring with the assay procedure. Attempts to decolorize feces with

charcoal to facliitate asioy were unsuccessful .
4.7.2,.2 Lipase

Examination of a crude pancreatic llpate preparation showed good
activity In an cssay maethod using triacetin (glyceryl triacetote), Tests performed
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with the enzyme and a mixture of 20% feces in urine resulted in activity

brtmmndle Thia
rriGcerin, S

uré reporfs which
suggest that feces inhibits lipase (I3). Data for lipase activity both with

triocetin and with the urine~feces mixture are shown in Figure 2.
4.8 Electrochemical Evaluation of B. pasteurii in Urine

The feasibility of electrochemical energy conversion systems is governed by the
thermodynamics of the reactants., The actual performance of a system depends on the
electrode kinetics of the celi. For example, the actua! steady potential of an
electrode usually differs markediy from the poteniiol cclcuiated from thermodynomic
considerations; the cell current is the algoebraic sum of the oxidation and reduction
currents at each electrode. Since each current is a measure of the rate of o particular
reaction, the cell current is the resultent of the behavior of perhaps several oxidation
and reduction reactions, under the influence of the potential across the electrodes,
and the ensuing polarization effects.

Some cells, which cre seemingly simple, exhibit complex performance. The
obviously complex systems involved in bioelectrochemistry may show the effects of
several simultaneous oxidation-reduction recctions in addition to the ramifications

from the various types of polarization.
4.8.1 Half-Cell Studies

In the first section of this study the electrochemical behavior of
systems composed of urine and B, pasteurii were observed. Urine was used
directly rather than working with simpler systems employing urea becouse pure
urea is being corefully examined under Contract DA 36~039 SC-90866. This
study will be extended, and the conclusions derived will form the basis for
the projected optimizarion of bloelectrochemical cells utilizing urine and feces.

The first dota obteined, shown in Figure 3, were for systems containing

non~sterile urine with and without l pasteuril. There was little difference
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between the anodic polarization curves for these two sets of data at potentials

more positive than 250 mV. The systems behaved nearly identically

ond the limiting current densities were the same. At potenticls more negative
than 250 mV, the curves are linear and have different siopes. The non-equal

slopes in this "Tafel" region signifies thot different reactions are controlliing

the rate. This conclusion will be tested in further mecsurements.

In the second group of data, shown In Figure 4, the effect of
Incubation of the B. pasteuril in urine is considered, Here the effect of an
l@=hour Incubotion wos measured. Indlcations are that when the B, pasteurll 1s
Incubated, higher Iimiting current densities result, but that the same reaction
Is rate controlling, as Indicated by the essentially parallel linear sections of
the curves. It Is apporent that over the entlre curve the cell with the
Incuboted B. pasteurll provides increased current for the same potential. For
| example, at 170 mV, the ccH with Incubated B. pasteurll carrled 0.15 mA/cm '
whereas only 0.0! mA/cm was carrled by the cell to which B, pasteurli had been
without Incubation. The advantage of allowing time for the growth of B, pasteurll
Is apperent,

4,8.2 Continuous Electrochemical Cell Studles

A cell was comstructed for use In studies of the continuous production
of power from urine for long periods of time. The cell was designed so that
material and energy balance data could be obtoined for various biochemical

systems under sterlle condltions.
Experiment |
Inltial tests were run by maintalning a platinized platinum

onode Immersed In the B, pasteyri! culture at a constant potentlal of
+0.18 Vvithe §,C.E. Tha cell was operated for 7 days at verying
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flow rates. A steady current of approximately 0.023 mA/»::m2 wos
maintained for several doys. The maximum current obtained wos
cbout double this value. The current was responsive to feed rate,
increasing with increased feed rate of urine, Deposition of insoluble
sclts on the electrode caused severe polarization and made it necessary

to terminagte the run,
Experiment 2

The problems crected by salt precipitation necessitated the
addition of EDTA to the urine despite the objections ralsed earller,
it was found that current dersities ot on anodic potential of +0.15 V
vs §.C.E. were approximately 0.046 mA/emz, twice that observed
previously In cultures without EDTA, This activity was maintained
for more than 4 days.

The low current densities exhibited during these experiments are
consistent with dota obtalned under Controct DA 36-039 SC-90866, during
which 1t was shown that black platinum s not an effective electrode catalyst
for ammenla. The maximum current densities obtained with black platinum
anodes were low (3 mA/cm2 or less) and the performance of such electrodes
decrecsed rapldly with time becouse ammeonla severely polsons the black
platinum surface. Consequently, untll o mare sultable catalyst con be found,
the ammonia anode Is not, ot this time, a feasible approach te preducing
practicel omounts of pewer,

4,8.3  Attachment of Bacteria to Electrodes
4.8.3.1 Compression-type Electrode

Improvement of the potential-current parometers of the
cell would be expected If advantage were taken of an electrode developed
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under Contract DA 36~039 SC-90866. Operating on the premise that higher
current densities could be obtained by confining the biological agent ot the
electrode surface, and thus reducing the diffusion path of the electroactive
species, a compression-type electrode was constructed. The biologicol agent
was coated onto the electrode surface by mixing into a thick paste of carbon
black, urea and resting cells of the biological agent (B. pasteurii) moistened
with tris buffer, pH 8.0. Polarization of this system showed an open circuit
potential of -0.14 voit vs S.C.E. and a limiting current density of 1.4 mA/cm2
(Figure 5). This represents a considerable increase in the limiting current density

over that obtained at an ordinary electrode (0.2 mA/cmz). Because of these

results, it appears that the compression cell merits further study.
4.8.3.2 Fiitration-Type Electrode

A preliminary study was performed to examine additional methods of
attaching bacteria to electrode surfaces. A sintered gold electrode was placed
in a Sietz filter and o culture of B. posteurii was filtered through the electrode.
Since the pores of the electrode were smaller than one micron, the bacteria
were retained largely on the surface. The electrode was then placed directly
onto Urea ogar contained in a petri dish. This procedure permitted diffusion
of nutrients through the pores of the electrode to the surface where the bacteria
were concentrated. After a 24~hour incubation period at 30°C, the surface
of the electrode was covered with a thin film of bacteria. The electrode was
immersed in water and gently agitated with magnetic stirring. The film of
bacteria began to slough off the electrode until, ofter several hours, no visible
growth was evident. Microscopic examination of scrapings from the electrode
surface revealed some bacteria, but these were only a fraction of the number observed
before immersion in water., These results demorstrate that although this
technique for initially attaching bacteria to the surface of an electrode appears

to be feasible, further studies will be required to retain the organisms on the
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eiecirode in an aqueous environment, particularly if agitation is present.
One approach would be the use of some conductive material which would

firmly odhere the bacteria to the electrode without interfering with diffusion.

4.9 Electrochemical Control of Eh

An exploratory program was begun late in the program to determine the
feasibility of using an anodically polarized electrode olong with oxygen in an
activated sludge culture to "poise" the redox potential of the solution at oxidizing
values (positive) independent of oxygen tronsfer rates,

A significant portion of the power requiremenis in the activated sludge process
is used for agitation involved in mointaining oxygen saturction of the waste materials.
Approximately 10 times the oxygen actually metabolized by the microorganisms during
waste degradation is fed to the waste moteriols for this purpose.

Without expenditure of this oxygen to maintain oxidizing conditions, the
efficiency and quality of the waste treatment is much poorer due to the ability of the
microorganisms to metabolize in the absence of oxygen by ancerobic pathways., Anaerobic
metabolism is slower than aerobic metabolism and yields by-products which are un-
desirable in o closed system, It is contended thot much more efficient and consequently
less power-consuming maintenance of aerobic conditions can be effected by electro-
chemical means.

it is probable thot small quantities of o redox mediator, such as methylene blue,
will be required to aid in contacting the electrode with the solution.

As the first step In this study, o test cell was designed and fabricated for the
purpose of examining the influence of an anodically polarized carbon electrode on

the metabolism of the yeast, Sacchaoromyces cerevisae. The object of the experiment

was to determine whether yeast could be prevented from metabolizing anaerobically in
the absence of oxygen by electrochemically maintaining or poising the redox potential

of the medium in an oxidizing region. Yeost was selected as a test organism because
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it metabolizes both cerobically and anaerobically but produces ethanol only ancerobically.
Thus, the yeast culture could be grown aerobically with glucose, placed in an anaerobic
anode compartment of the cell before the nutrients were exhausted, and examined for evi-
dence of ethanol production while the redox potential of the culture was being maintained
at oxidizing values by a redox mediator maintained at a fixed potential by the carbon
anode, The lack of ethanol production under these conditions would constitute a success-
ful first step in this study.

A cell was constructed but, unfortunately, due to the late introduction of this

study in the program, time did not permit obtaining any significant results.

4.10 Experimental Procedures

4.10.1 Sources of Urine and Feces

Urine and feces for this program were obtained from volunteers.
Magna Corporation male contributors were asked to consume a simulated space
diet currently under study elsewhere (141). The principal feature of this diet
was omission of raw fruits and vegetables, which are abundant in celiulose.
Personnel on otherwise specialized diets or who were taking medications were
asked not to contribute.

A total of approximately 20 gal of urine and 30 Ib  of feces was
collected. Both were frozen immediately after collection. At the closs of
the collection program, the urine was thawed and mixed, distributed in approxi=
mately half=gallon lots, and refrozen.

The procedure used to process feces conslsted of freeze~drying the
feces without thawing, breaking the freeze-dried material down to a powder
In @ Waring blender, compositing and storing under nitrogen In a refrigerator,

A Thermovac Freeze<-Dry Apparatus, Model FD~3 (Thermovac In=-
dustries Corp., Coplague, N.Y.) was used to lyophilize the feces. Lyophiliz=
ation was considered to be the most suitable method of protecting the com=

ponents of feces from biologlcal degradation for prolonged periods.
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The lyophilized feces composite was submitted for anclysis to Truesdai

Laboratories, Inc., 4101 N. Figueroa St., Los Angeles 65, Calif. The results
are shown in Table 22. Note that carbohydrate content is deceptively
high since this value was obtained by difference, not analysis. Similarly,

“protein” was derived from nitrogen content only and not by actual protein

analysis.
TABLE 22
Analysis of Composited Feces
Moisture 2.57%
Cellulose (crude fiber) 3.34%
Total protein (n x 6.25) 34,33%
Total lipids (ether extract) 18.0%
Corbohydrates (by difference) 29,.26%
Ash 12,.50%
Total invert sugor before inversion 2,12%
Total invert sugar ofter inversion 2.12%

Hydrolysis wos used to determine lipids
and sugar after inversion

4,10.2 Sources of Cultures

1. Sarcina ureae - The National Collection of Industrial
Bacteria, Aberdeen, Scotland (No. 86%91).

2, Micrococcus urece = The Institute for Fermentation,
Osoka, Japon (No. 3767).

3. Lactobacillus bifidus var, ureolyticus = Dr. R. N,

Doetsch, University of Maryland, Md.
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4, Brevibacterium ammonicgenes - The Nationai Coliection

of Industrial Bacteria, Aberdeen, Scotland (No. 8143).

S. Bacillus pasteurii - The American Type Culture Collection,
Washington, D. C. (No. 11859),

4.10.3  Screening Progrom-Ureolytic Organisms

Sarcina urece

Urea broth consisted of Difee nutrient broth, 10 g; Difco
yeast extract, 5 g; distilled water, | liter. After cooling, 100 mi
of 20% ureo (filter~sterilized) was added. Final pH was 8.0. The
medium was Inoculated with a 1% Inceulum and cultured aeroblcally
and anaerobically at 30°C for 24 hours. Turbidity (optical density)
was measured in o Beckman DU spectrophotometer using Incident
light of 660 my wovelength. Growth (OD g 0-95. 1/4 dilution)
and ommonlc production os evidenced by odor occurred only in the
gerobic culture,

Urea broth agar plates were streaked with a culture of
5. ureae ond incubated aeroblcally ot 30°C and anaerobically
under hydrogen gas In an anaerobic or for 24 hours. Agalin, growth

was evident only aerobically.

Micrococcus urece

The bacterium was recelved o3 an agar slant culture
and inoculated Into Ureo broth; subsequent growth was streaked
on to Urea broth ogar plates to determine purlty, since the slant
oppeared to be contaminated. Several types of colonies were
observed. lsolated colonies were picked, Inoculated into Urea
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broth and growth was again streaked on to ogar plates, Although
this procedure was repeated several times, isolation of M. ureae was
not achieved. Infact, even the original contaminated culture did

not exhibit ureolytic activity.

Lactobacilius bifidus var, ureolyticus

The bacterium was subcultured repeatedly anaerobically
at 37°C in the following medium based upon the recipe used by
Gibbons and Doetsch (43); Difco yeast extract, 3.0 g; Difco
nutrient broth, 10.0 g; K2H0P4, 3.0 g; KH2P04, 3.0 g; glucose,
5.0¢; N°zc°3' 3.0 g; resazurin, 0.001 g; sodium thioglycollate,
1.0 g; distilled water, | liter, 3,0 g urea (filtersteriiized) was
added to the cooled basal medium; final pH, 7.0, Excellent
growth occurred within 24 hours but the odor of ammonia was not
detected. Culturing in (1) same medium containing 20% urea,

(2) Urea broth, ond (3) urine falled to stimulate ureolytic activity,

Bacillus posteurti

Cultures were grown in Urea broth os described earlier
for S. ureae. After 24 hours incubation, the OD, . of the aercbic
culture was 0.38 (I/4 dilution) compared to 0.12 (1/4 dilution) with
anaerobic growth. The odor of ammonia was strongly evident in both
cultures. With ancerobic growth in urine, the odor of ammonla was
evident ofter 24 hours. The concentration of urea was reduced

from 9.0 mg/mi to 0.24 mg/ml, a decrease of 97.3%.

Brevibocterium emmoniagenes

Ancerobic and cercblic grewth studies with Urea broth and
urine were performed In a manner similar to that described for
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and the cultures incubated at 30°C. Good growth and ammonia
production was noted after 24 hours aerobic growth in Urea broth but
not until from 48 hours to 5 days under anaerobic conditions,

After 5 days ancerobic growth in Urea broth, the concentration of
urea was reduced from 18.5 mg/ml to 11.65 mg/ml, a decrease of
37%.

Ureolytic activity was observed after 48 hours of
aerobic growth in urine but not until ofter 6 days of anaerobic
growth. In the ancerobic urine culture the concentration of urea
was reduced from 10.75 mg/ml to 5.8 mg/ml, a decrecse of 46%.

4.10.4  Optimization of Ureolytic Activity
4,10.4,1 Analytical Methods

A 1% inoculum of a culture of B, pasteuril wos added to 50 ml of
urine confaining 0.1% ascorblc acid, The initial pH was adjusted to 8.8,
Ten mi aliquots of the inoculated urine were dispensed into 3 125-ml Warburg
respirometer flosks. Mercury was used as the manometer fluld. Appropriate
precautions were taken to prevent contemination. The flosks were evacuated
and flushed with heliumwhile being agitated In a 30°C water bath, After
the flasks were flushed for 30 minutes, the manometers were adjusted to
atmospheric pressure and the flasks were Incubated for 4 days.

The Warburg respirometers were not calibrated and, therefore,

approximate K values were used based upon previous calibrations,

4.10.4.2 Storoge of Urine

Ancercbic growth of fresh, refrigerated (4 days), ond thawed frozen
urine from the some donor was compared. 0.1% oscorbic ocid wes added to
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was adjusted to 8.4 and @ 1% inoculum of B. pasteurii
wos used. Duplicate 30-ml screw cap test tubes were filled to capacity, and
Incubated at 30°C.

4.10.4.3 pH

Duplicate 30-ml screw cap test tubes were filled to capacity with
urine (0.19% ascorblc acid) Inoculated with 1% Inoculum of B, pasteurll.
The initial pH of duplicate cultures was odjusted to pH 7.5, 8.0, 8.5, 9.0
and 9.5 with NaOH and incubated ot 30°C.

4,10.4.4 Temperature

300 ml urine containing 0.1% ascorble acid was Inoculated with 1%
of a culture of B. posteurli. The pH was adjusted to 8.6. Duplicate 30-ml
screw cap tubes were fllied to capacity ond Incubated at 25, 30 ond 35°C for
24 hours.

4,0.4.5 Vitomims

The basel medium consisted of urine (0,1% ascorbic acid), pH 8.5.
Nicotinic acid, thiominghydrochloride and blotin were added to the basal
medium to produce the following final concentrotions of the respective vitamins
In urine: () nicotinic acld (0.5 pg/ml), (2) thiomire hydrochloride (0.5 ug/mi),
(3) blotin (0.1 m wg/ml), (4) nicotinic acid (0.5 ug/ml), and bictin
(0.1 m wg/ml), (5) nicotinic acid (0.5 ug/ml) and thiomine hydrochioride
(0.5 yg/ml), (6) blotin (0.! m ug/ml) and thiomine hydrochloride (0.5 ug/ml),
(7) nicotinic acld (0.5 ug/ml), thiamine hydrechloride (0.5 ug/ml) and biotin
(0.1 m pg/ml). The cantrel contalned no added vitamins. Duplicate 30-mi
screw cap test tubes were filled to capacity with the various media preparations,




Inoculated with a 1% Inoculum of o culture of B. pasteurii and incubated at
30°C. The nicotinlc acid was obtained from Eastman QOrganic Chemicals,
Rochester, New York; blotin from Californla Corporation for Blochemical
Research, Los Angeles, Colifornia; thiamine hydrochloride from Hill Drugs,
Anchelm, Californla.

4,10.4.6 Addition of Urea to Urine
Experiment |

100 ml aliquots of urine conteining |.4 (normal urine) and
3.19% urea ond 0.19% ascorbic acid were inoculated with 1% of @
culture of B, pesteurll. Urine wos supplemented with filter-
sterilized urea, The pH was adjusted to 8.5. 30-ml screw cap
tubes were fllled to capacity and incubated for 24 hours ot 30°C.

Experiment 2

100 ml aliquots of urine gontaining 1.0 (normal urine)
1.9, 2.7, 3.5 ond 3.9% urea and 0,13 ascorbic acid were inoculated
with 1% of @ culture of B. pasteurll. Urine wos supplemented with
fliter-sterilized urea. The pH wos adjusted to 8.6. 30~ml screw
cap tubes were fllled to capacity and Incubated for 24 hours at
30°C.

4.10.4,7 Addition of Feces to Urine
Experiment |

The media were prepared by odding 4, 20 and 50% frozen
whole feces (by weight) to fliter=sterllized urine, The feces wos
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steriiized by autociaving. The media were inoculated with 1% of
a urine-grown culture of B. pasteurii and the pH adjusted to
approximately 8.5. Duplicate 30-ml screw cap test tubes were
filled to capacity with the inoculated medio and incubated at
30°C for 7 days.

Experiment 2

The medium consisted of sterile urine to which was added
I, S and 10% lyophilized feces (by weight). The feces was
sterilized by autoclaving. The medium was inoculoted with 1% of
a urine~grown culture of B. posteurli and the pH adjusted to 8.8.
Control cultures were identical but locked feces. Duplicate 30-ml
screw cop test tubes were filled to capacity with the inoculated
media and Incubated at 30°C for 4 days.

Experiment 3

The procedures were Identical to those in Experiment 2
with the exception that the inoculum consisted of a culture of
B. pasteuril which had been subcultured 5 times in a 5% feces in

urine medium,

4,10.4.8 Continuous Culture

The continuous culture opparatus Is tllustrated In Figure 6. Sterlle
vrine wos fed into the growth vessel by means of a Harvard Infuslon=Withdrowal
pump, Model 600-950 (Harvard Apparatus Company, Inc., Dover, Massachusetts).
The capacity of the growth vessel was 100 ml and the culture was mixed with
o magnetic stirring bar placed on the bottom of the growth vessel. The growth
vesss! was Immersed In o recirculating constant temperature woter bath main-
talned at 30°C,
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Samples of cultures for urea and ammonia analyses were coliected
directly from the growth vessel by means of a sliding glass tube which was
held above the liquid line when not in service. In Experiment |, however,
samples were collected from the overflow.

The scrubbing device consisted of a I" x 1/2" rectangular pad of
polyurethane that contoined a magnetic stirring bar in its center.  The
scrubber wos maintained Inside the growth vessel, above the culture, and

manlpulated from the outside with a horseshoe magnet.
4,10.4.9 Addition of EDTA to Urine
Experiment |

Sterile urine contalning varlous amounts of EDTA
(disodium ethylenediaminetetraccetate) was adjusted to pH 8.2
with NaOH. [t was found that the oddition of 0.15% EDTA
completely prevented the characterlstic precipitation which normally
occurs af this pH, As o result of these tests, urine contolning
0.10% ond 0.15% EDTA was Inoculated with 19% of a B, pasteurll
culture and dispensed into 30-ml screw cap tubes, Controls were -
Identical but lacked EDTA, The cultures were Inoculated at 30°C
and Inspected dally for the odor of ammonla,

Experiment 2

Allquots of urine were supplemented with 0.2% EDTA,
Inoculated with a |, 5 and 10% Inoculum of B. pasteurll and
dispensed into duplicate 30-ml screw cap test tubes, Control
cultures were Inoculated identically, but lacked EDTA, The final
pH was 8.8,




4.10.5 Feces Studies
4.10.5.1 Hydrogen Production from Feces
Experiment |

Treated sewage was obtained from the Orange County
primary sewage treatment plant at Huntington Beach, California,
Three-liter macrorespirometerns (Figure 7) were used as digestors.
Digestion flasks contained 200 mi of inoculated medium prepared
from 100 ml potossium acid phthalate~NaOH buffer (pH 5.0),

25 ml sterile urine, 5 g heat-sterilized lyophilized feces and 375 mli
treated sewage. Control flasks contained 200 ml of inoculated
medium prepared from 100 ml potassium acld phthalate- NaOH
buffer (pH 5.0), 25 ml sterile distiiied water and 375 ml treated
sewage. The pH of both cultures was adjusted to 5.5,  Flasks
were evacuated ond flushed 10 times with helium to displace alr,
Manometers were filled to capacity with acldified water, The
digestors were Incubated at 30°C with shoking for 6 days, Total
and volatile sollds were determined on original and final cultures
by standard methods (142). Gas evolution was measured mano-
metrically and the gos phase analyzed using a Beckman GC 2
gas chromatograph,

Experiment 2

The feces-adapted sewage culture was cbtained from
Dr. C. Golueke, Sanitary Englneering Research Laboratory, Univ=
ensity of Californla, Berkeley, Colifornia. 150 ml of the culture
was added to 40 ml potassium acld phthalate=NaOH buffer (pH 5.0),
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10 mi steriie urine and i8.6 g heoi-steriiized iyophiiized feces.

50 ml of this mixture were dispensed into three 250-ml macro-
respirometers. 0.5 gm filter-sterilized glucose was added to 2 of
the 3 cultures. Final pH was odjusted to 5.8, The macrorespiro-
meters were evacuoted and flushed 10 times with helium and
Incubated ot 30°C. Gas evolution was mecsured manometrically and
the gas phase was anclyzed by meams of gas chromatography .

Experiment 3

The medium consisted of 100 ml sterile potassium acid
phthalate~NoOH buffer (pH 5.0), 100 mi sterile urine and 20 g heat-
sterilized lyophilized feces which was Inoculated with 2 ml of an
anaeroblc culture of E. coll grown for 24 hours in Difco Heart
infusion Broth, 50 ml of the Inocculated medium was dispensed Into
each of two 250-ml macrorespirometers. Two cultures contained
0.5 ml fliter=sterllized glucose. Final pH was 6.8, Subsequent
procedures were Identical to those described In the preceding
experiment,

4.10.5.2 Enzymotic Hydrolysls of Fecal Components
1. Celluiase ,
Auay
A standard curve was prepared using glucose solu=
tlons contalning welghed emounts of glucese from 0.03
mg/ml to 1.0 mg/mi. The data obtained gave a

sathsfactory linear relationship between optical demsity
and glucose concentratien In the range of 0.1 mg/ml to
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1.0 mg/ml. However, ot concentrations lower than 0.1
mg the absorption (at 540 mu) of the developing compound
(3,5-dinitrosalicylic acid) was greater than that of the
brown reaction product.

A preliminary assay of the crude cellulase prepara-
tion (Nutritional Biochemical Corporation, Cleveland,
Ohio) indicated that it possessed some cellulase activity
(0.08 mg glucose/hr/mg dry enzyme prep.) and o fair
amount of reducing sugar contaminants, The zero time
sample taken from the cellulose-cellulase reaction mixture
(one ml cdlulase solution) gave a color equivalent to 3.0
mg of glucose. A check of both the cellulase and
cellulose solutions clearly demonstrated that the reducing
compounds were contained entirely in the cellulase
preparation. A protein (143) determination (Lowry) of the
cellulose solution indicated that there was slightly less

than 0.1 mg protein/ml.
Dialysis Procedure

100 mg of the crude fungal cellulase preparation
(N.B.C.) was suspended in 50 ml of distilled water, This
solution was placed into cellophane dialysis tubing and
allowed to remain in 0.0l M phosphate buffer, pH 7.0 at
O°C for a period of 16-18 hours. The enzyme solution
was removed from the dialysis tubing ond diluted to 100
ml with cold distilled water,

Temperature Study

A 1% solution (w/v) of carboxymethylcellulose
(Hercules Cellulose gum 7 HP) was diluted with 20 ml
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2. Lipase

of Mcllvaine buffer solution, pH 5.0 and 60 ml of
distilled water. Nine ml of this solution was added to
each of 5 tubes. Each set of 5 tubes was placed into

a water bath of the appropriate temperature (30°C, 40°C
and 50°C) and allowed to equilibrate. To each tube one
ml of the above mentioned enzyme solution was added and
the mixture was well agitated. A zero time sample (one
ml) was removed immediately from one tube and the amount
of reducing sugar determined as described previously.
Samples were taken every hour thereafter from a different
tube. Five samples were taken in all, The amount of
reducing sugors (glucose and cellobiose) éresent were
determined by referring to o calibration curve (O.D. vs

glucose concentration) as described previously.

Lipase Assay

The lipase assay used is a manometric method described
in the literature by Wills (108). In those experiments
whare triacetin (Eastman 256) served as the substrate,
0.85ml of 1.0 M NcHCO3, 0.1 or 0.05 ml of enzyme
solution, and water (to make a total volume of 3.2 ml) were
added to the main compartment of the Warburg flask.
The triacetin (neutralized)solution (30 to S0 M) was
added to the side bulb and was tipped in to start the
reaction. When the 20% feces (w/v) solution (in urine)
was used as the substrate, the lipase solution was tipped
In to start the reaction and the feces solution (1.0 ml) was
added to the main compartment along with the NoHCOa
solution, In both cases, the Warburg cups were purged for
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15 minutes with 100% C02. This concentration of Nt:lHCO3
and the 100% CO2 atmosphere buffered at pH 7.4, All

manometric assays were carried out at 37°C,
Lipase Solution

One hundred milligrams of crude pancreatic lipase
(Lipase 448-N .B.C.) wos suspended in 10 ml of
distilled water, placed in a cellulose dialysis bag and
dialyzed against 0.0l M phosphate buffer, pH 7.0 for
18 hours. Particulate material was removed by cold
(4°C) centrifugation and the enzyme solution stored at
4°C. Protein concentration waos determined by the Lowry

colorimetric procedure.
Feces-Urine Solution for Lipase Experiments

Twenty grams (wet weight) of whole feces was
sterilized by autoclaving In the container section of a
Warlng blender.  After cooling, 100 ml of filter-
sterilized urine was added and the mixture blended for

1S minutes, The pH of the mixture was adjusted to 7.4
with 0.1 M NaOH and then stored at 4°C in a sterile flask.

4,10.6 Electrochemical Evaluation of B, pasteurii in Urine

4.10.6.1 Half=Cell Studies

The half-cells were 500-mi, five-neck flasks, separated by o
catlon membrane. The catholyte was 0.1 N KCl and the cathede was
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platinized platinum, The anolyte was stirred with a Mog-mix and ancerobic
conditions were maintained by a nitrogen purge. The temperature was not
controlled. The potential was obtained with a standard calomel electrode
placed in contact with an ogar bridge immersed in the urine. A constant
potential between SCE and anode (platinized platinum, 10 cm2) was maintained
with a potentiostat. No buffer or other solutions were used. The anode

was positioned so that both faces were parallel to the current flow through the
membrane. The agar bridge was positioned behind the anode (away from the

membrane). An internal resistance at 175 ohms was found.
4.10.6.2 Continuous Electrochemical Cell Studies

The cell design, shown in Figures 8, BA and 8B, consists of 6
separate parts. The glass tubing has been fitted so as to minimize the use of
rubber tubing. The anode ond cathode half-cells are essentially identical,
being designed in the shope of an L with on “O" ring joint (65/40) ot the top
and side. When assembled, they form a U cell having an internal diameter
of 40 mm (1-9/16"). A membrane (cation, Nepton CR-6l, lonics, Inc.) is
clamped between the two half-cells to separate the electrolytes. The
design is such that the membrone has a greater diometer than the electrodes,
permitting the two electrodes to foce each other directly. This arrangement
minimizes the distortion of the current flow in the cell.

The test and auxiliary electrodes are perforated platinized
platinum foil with o calculoted area of 17.7 cm2. They are spaced 4 inches
opart. The internal resistance with a urine anolyte and a | M KCI catholyte
has been measured ot 24 ohms.

Since the reference electrode is a saturated calomel electrode
which cannot be sterilized, o glass tube containing an agor solution is used
to provide a bridge between the reference electrode and urine solution. In

normal operation, the copillary tip of the bridge is positioned near the
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Cell for Electrochemical Evaluation of Urine Cultures

Figure 8-B
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surface of the anoiyte so as to minimize disturbance at current distribution.
During sterilization, the bridge is lowered until the capillary tip seats into

a rubber sealant (Silastic RTV 73I, Dow Corning), in a sealed glass tube at

the bottom of the anode half-cell. This prevents the agar solution from draining
out of the tube when it becomes liquid during sterilization.

The upper port or cap of each half-cell is clomped to the top
"O" ring joint. In the anode half-cell, provision has been made for a
thermometer, the test electrode, and the agar bridge, by using glass tubing
through which each can be inserted. The cathode half-cell cap has openings
for an auxiliary electrode, for purge gos (used to dilute and purge hydrogen as
well os for agitation), and for liquid feed.

The vent tube in the cop of each half-cell is plugged with
sterilized cotton. An overflow tube in the bottom of the half=cell is connected
with rubber tubing to a continuation of the overflow In the vent tube, During
operation, the flask which has been clomped to the vent tube to collect the over-
flow is thus cross-pressurized to the half-cell, and both are sealed from direct
contact with the atmosphere by the sterile cotton plug.

The ancde half=cell is heated and agitated by use of an agitation
chamber consisting of two parts. The bottom part has o side outiet which can
be connected to an inlet inthe anode half-cell. The upper part is
vented to the anode half-cell and contains a return line for recirculated
anolyte. Fresh urine Is fed Into this recirculation chamber for mixing prior
to contacting the electrode. The recirculated anolyte passes over a giass
coll through which water contained ot a corstant temperature Is clrculated,
The total volume of anolyte is 215 ml (+ 5 ml).

Fresh anolyte is fed to the cell by means of a Sigma pump equipped
with a calibrated Zero-Max variable speed drive. The unit was modified by
inserting o speed reducer (Alling=Lander, 50/1) between the Zero-Max and
pump. A flow rate of from | to 42 ml/hr can be obtained. The feed tube
Is connected to the agitation chamber through o three=way stopcock. A




funnel is also provided as an integral port of the feed line for sterile liquids

which may be required during operation. The feed tube connects to the feed

flask by means of a ball joint so as to facilitate changing feed flasks without

undue interruption of flow or chance of contamination.

Both haif-cells are equipped with sample ports and drains stoppered

with rubber serum cops. The cells have legs made of glass rod so that when

ossembled the unit stonds level. In practice the assembly is wired to a board

to which is affixed aluminum rods so that clamps can be used to take the weight

of the overflow flasks,

The entire assembly, using sealed caps in place of overflow flasks,

can be sterilized along with the rubber feed tubes. After sterilization, the

boord containing the ossembled apparatus is mounted ot a sufficient height to

permit the overflow flasks to be properly ploced below the cell assembly.

A constant temperature bath is employed to maintain the cell temp-

erature ot 30+ 0.5°C.

Experiment 1

The cell was sterilized by autoclaving, purged with
sterile nitrogen and filled with filter-sterilized urine. No evidence
of contamination was observed after 2 days incubation at room
temperature. The pH was then aodjusted to 8.8 with sterile NaOH.
A current of 0.5 o 0.20 mA (0.0085 to 0. 0113 mA/cm?) was
observed over a 20 minute period at + 0.15 V (SCE vs anode).

The urine was inoculated with a 1% culture of B. pasteurii and
incubated at 31°C. After 2 days incubation, ammonia was evident.
At this time, the anode potential (open circuit) vs SCE had dropped
to -0.244 V ond the pH increcsed to .2 An initial current of
2.0 mA at +0.15 V was obtained which ropidly dropped to 0.8 mA,
After 4 hours, the current had dropped to 0.6 mA where it held

during the remainder of the doy. The flow rate was approximately
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i4 mi per hour. The fiow rate was reduced to 5.6 mi per hour
overnight and by the next morning the current had dropped to 0.44
mA. When the flow rate was increased to 30 ml per hour, the current
increased over a 24-hour period to 0.56 mA. The flow rate was
decreased to approximately 9 ml per hour which resulted in a steady
current of 0.40 mA over a 4-day period. The pH of the culture
remained at 9,2 during the test period. The catholyte (1.0 N KCI,

pH 9.3), upon analysis, was found to contain ammonia indicating tha t
ammonia ion hod diffused through the cation membrane. A sample of
the culture removed from the cell at the end of the run and analyzed
for ammonia was found to contain 5.9 mg NH3 per ml, indicating
good bacterlal activity,

Experiment 2

Several modifications were lntroduéed. The cation
membrane was replaced by an anion membrane to prevent diffusion
of ammonium lon. A device for accurately measuring flow rate
was installed (Figure 9 ).

The cell was prepared for electrochemical measurements
as described above, with the exception that 0,2% EDTA was added
to the culture, The Initial open circult potential of the anode was
=0.203 V vs SCE. At a current level of approximately 1.0 mA
(0.056 mA (cmz)) maintalned durlng the 4=day test period, the
anode polarized to +0.15 V vs SCE,

4,10.6,3 Attachment of Bacteria to Electrodes

The compression=type electrode was censtructed os shown In Figure
10, The carbon anode weas cocted with a thick poste contalning 500 mg of
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carbon biack, 50 mg of piatinum biack, 100 mg of urea, and 50 mg of

B.pasteurii (wet weight), mixed with sufficient tris buffer (0.1 M, pH 8.0) to

make a paste. A cation-exchange membrane (lonics, Nepton CR 6l) was

placed between the two electrodes. A glass tube, drawn to a capillary at

one end and filled with saturated KCl in agar, was inserted into the anode

paste and served as a salt bridge to a calomel reference electrode. The

entire cell assembly was placed under pressure by turning o screw on the back plate,
thus assuring good contact between the membrane and electrodes. .Polariza-

tion measurements were made as described in Section 4.10.6.1.
4,10.7 Electrochemical Control of Eh

The cell construction for study of the electrochemical control of
Eh Is represented schematically in Figure I1. It consists of three compartments,
an onode compartment, a cathode compartment and a center compartment.
The compartments are separated by membranes to prevent interdiffusion. The
onode compartment, the compartment of interest, contains a probe to
measure the Eh of the solution consisting of a platinum electrode and an agar
bridge leading to a reference electrode, an anedically polarized carbon
electrode, an oxygen sensing electrode (Magna Corp., Santa Fe Springs,
California), and a gos purge.
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5. CONCLUSIONS

The maximum energy available from human wastes is approximately 74
watt~hours per man=day's output, 64% of which is derived from urea in urine. These
figures are based upon (I) converting urine and fecal nitrogen to ammenia, (2)
converting fecal polysaccharides to hydrogen, and (3) using these as electrochemical
fusls with an oxygen cathode.

The literature search Indicated that the conditions required for efficient utiliza-
tlon of urine and feces as electrochemical fuels are not compatible with those for waste
purification. Thus, the system was optimized for conversion of urine and feces to
elactroactive chemicals since waste-treatment processes were a secondary considero-
tion In these studies, Bacteria and enzymes were selected for study which would
lead to the production of ammonla from urine and hydrogen from feces under
anaeroblc conditions. .

Bacilius posteurll was the most attractive ammania=producing microorganism

examined because of Its relatively rapld anaeroblic grawth In urine accompanied by
efficiont urea hydrolysis. In continuous culture, approximately 0.5 mg ammonie
was produced per ml of culture per hour during steady state conditions; 84% of the
ureq In urine was utllized.

In urine containing Iyophilized feces (I and 5%), ureolysis of 8. posteurii
wos net enhanced; with 10% feces In urine, inhibition was observed. Therefore,
vrine was separated from feces for use as a bioelectrochemical fuel.

Poor electrochemical performance was observed with B, pasteurtl in urine,
This Is attributed to polioning of the platinized platinum anode by ammonia.

Unaltered faces Is not a sultable substrate for the production of hydrogen
with a mixed sewage culture or a pure culture of Eicherichia coll. The enzymes,
¢ollulase and lipase, appear to be the best candidates for degrading complex fecal
components to similar compounds In order to facilitate subsequent microbial activity.
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6. RECOMMENDATIONS

The problem of disposal of wastes during extended manned space missions requires
much more attention to arrive at an optimum solution. In the interest of trying to
further close the cycle and provide greater self-sufficiency, methods and means of
recovering as much useful material as possible with the least penalty from wastes must
be pursued. Microbial waste ptocessing is one such approach. Anaerobic and aerobic
digestion methods have been considered. The anaerobic process is of interest primarily
because the products could be used to provide some electrical energy in a fuel cell. It

appears, however, that the amount of energy available from this source is too small, and

the other gaseous by-products too difficult to handle to make anaerobic digestion attractive.

Aerobic digestion ("stabilization™) is more rapid and efficient than anaerobic
digestion, and produces a minimum of undesirable volatile by~products.  This process
is presently being studied for use in spacecroft. An analysis of cerobic bacterial digestion

for use in space missions has raised the following points:

1. Assuming that the microbes are to be suspended in the medium and wastes are to
be treated continuously, the subsystem must operate as a "chemostat," i.e., in
such a way that the octivity and population of microbes at any point in the
system remains constant with time. Our experience with chemostat work indicates
that this is very difficult to do. Activity tends to become too low or too high
in spots. Batch processing might avoid the need for this degree of control,

but would lead to other problems.

2, If the microbes are in suspension, o large quantity of both live and dead
bacteria will come along with the output of the process, and must be removed
from the liquid and disposed. This disposal problem may not be any simpler

than that associated with the original waste materials.
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3. Oxygen must be supplied in excess to the microbial suspension. The solubility
of oxygen in water is rather low and thus, uniess high pressures are used, excess
oxygen is provided by means of a profusion of bubbles of undissolved gas through-
out the medium. In a zero-grovity field, this gas phase, once dispersed in
the liquid phase, would be most difficult to separate, and hence would tend to

Interfere seriously with further handling of the digested material.

In view of these considerations, we suggest instead that the process be carried
eut by contacting the waste stream with a fixed bed of appropriate microbes, and that the
required oxygen be supplied electrolytically from the surface of the supporting structure.

This bicelectrochemical opproach should have the following advantages:

1. The activity of the microbes would be much easier to maintain constant, as

growth on a solid surface tends to be self-regulating.

2. The amount of microbial matter passing out of the system with the lir;luid stream
may be kept very small, due to the fact that a surface-growth tends to retain
and utilize dead cells. This action is partially responsible for the self-regulation

mentioned above,

3. No undissolved gas bubbles need appear in the bulk of the liquid phase. Oxygen
generated electrochemically under the microbial layer would be consumed before
an excess is produced. This would result in a net saving on power required

to generate oxygen.

Yo avoid explosive mixtures of hydrogen and oxygen, o cathode on which one
or more species of hydrogen-consuming bacteria are metabolizing con be used. These
bocteria consume hydrogen, along with carbon dioxide and oxygen, to derive energy and
build cell material. By exposing the bacterial layer to the aerobic digestion process
stream, an adequate supply of CO2 and 02 will be provided.

No trouble is anticipated in selecting microorgonisms capable of decomposing

wastes and at the same time of adhering naturally to a solid surface. Many such species

108




are slime-formers and/or filamentous types which prefer to grow other than in suspen-
sion,

An extension and refinement of the fixed bed approach to microbioliogical
waste handling is thot of an immobilized enzyme preparation. In such a device the
enzyme activity is tied down to a fixed matrix and the liquid stream flows past and
Is acted on in the process. The enzyme is thereby retained in a known location in
the system.

Enzymes have some inherent advantages over whole cells for biochemical
processing. They can be selected to accomplish specific reactions, rather than having
to depend on the over-all metabolic process of @ living organism. Also, the reaction
rates achievable with enzymes are much higher than those observed with whole cells,
provided conditions are optimized for each activity.

It is becoming clear that nitrogen (as N2) may be an indispensible component
of space cabin atmospheres for extended missions. As some leakage and adsorption
will occur, nitrogen will gradually become depleted unless specific measures are
taken to replace losses. Obviously, tanks of compressed nitrogen can be carried
with their ottendant weight penalty. Instead, however, we suggest that a bioelectro~
chemical waste digestion process might be so operated that an amount of N, sufficient
for moke-up is continuously generated, and at the same time ammonia is removed
from the system.

Wherever mizroorganisms are used purposefully they must be monitored and
controlled to insure stable, reliable performance. For this purpose, a rate of response
from the sensor that is rapid relative to the moximum rate of chonge of microbial activity
expected from the system is needed. A device having the necessary response
characteristics and also suitable for use in space vehicles can be developed using o
device under study ot Magna. This is an electrochemical device that generates an
electrical output proportional to redox enzyme activity in the vicinity of the sensing
electrodes. The enzymes detected con be as part of either cell-free extracts or whole,
living cells of microorganisms. As few as IO4 bacteria per ml have been counted in §

minutes using this technique. Greater populations can be counted in correspondingly
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less time (the population in truly active cultures often ranges from 106 to |09 per mi),
Most work on this device to date has been applied to use as a detector for

BW agents, where very low populations were of interest. We believe that the method

can be adapted even more readily to measurement of higher populations expected to

be encountered in microbial waste processing systems in space.
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